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HAND  FIRING  SOFT  COAL  UNDER  POWER-PLANT  BOILERS. 


By  Henry  Kreisinger. 


INTRODUCTION. 

The  Bureau -of  Mines  is  making  tests  to  determine  how  fuels  can  be 
used  most  efficiently  for  different  purposes.  This  report  contains 
descriptions  of  methods  of  firing  soft  coal  under  power-plant  boilers 
and  of  methods  of  handling  fire  so  as  to  have  the  least  smoke  and  to 
get  the  most  heat  from  the  fuel.  These  descriptions  are  followed  by 
discussions  of  the  process  of  combustion  and  of  the  principal  heat 
losses  in  an  average  power  plant,  because  these  discussions  help  to 
explain  the  reasons  for  the  methods  that  are  recommended.  These 
methods  have  been  tested  in  many  plants  by  the  writer  when  he  was 
employed  as  fuel  engineer  by  a  large  coal  company.  The  descriptions 
and  discussions  are  so  arranged  that  each  chapter  is  a  complete  unit 
and  can  be  read  by  itself. 

Flue-gas  analysis  and  its  use  in  the  operation  of  boiler  furnaces  are 
not  treated  in  this  paper,  but  will  be  discussed  in  another  paper  to 
be  published  by  the  Bureau  of  Mines. 

This  paper  seeks  to  meet  the  needs  of  the  men,  many  without  a 
technical  education,  who  are  employed  in  small  plants  of  1,000  to 
2,000  horsepower  capacity.  For  this  reason  the  language  used  is  plain 
and  simple,  and  technical  terms  have  been  avoided  as  far  as  possible. 
However,  it  is  difficult  to  describe  a  chemical  process,  such  as  the 
combustion  of  coal,  without  using  chemical  terms,  but  such  terms 
as  are  used  are  explained  in  the  text  and  also  in  the  short  glossary  at 
the  end  of  the  report. 

GENERAL  DIRECTIONS  ON  FIRING  SOFT  COAL. 

"When  burning  bituminous  coal  under  power-plant  boilers  the  best 
results  are  obtained  if  the  fires  are  kept  level  and  rather  thin.  The 
best  thickness  of  the  fires  is  4  to  10  inches,  depending  on  the  character 
of  the  coal  and  the  strength  of  draft.  The  coal  should  be  fired  in 
small  quantities  and  at  short  intervals.  The  fuel  bed  should  be  kept 
level  and  in  good  condition  by  spreading  the  fresh  coal  only  over  the 
thin  places  where  the  coal  tends  to  burn  away  and  leave  the  grate 
bare. 

Leveling  or  disturbing  the  fuel  bed  in  any  way  should  be  avoided 
as  much  as  possible;  it  means  more  work  for  the  fireman  and  is  apt 
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to  cause  the  formation  of  troublesome  clinker.  Furthermore,  while 
the  fireman  is  leveling  the  fires  a  large  excess  of  air  enters  the  furnace, 
and  this  excess  of  air  impairs  good  efficiency. 

The  ash-pit  door  should  be  kept  open.  A  large  accumulation  of 
refuse  in  the  ash  pit  should  be  avoided,  as  it  may  cause  an  uneven 
distribution  of  air  under  the  grate.  Whenever  a  coal  shows  a  tendency 
to  clinker,  water  should  be  kept  in  the  ash  pit.  All  regulation  of 
draft  should  be  done  with  the  damper  and  not  with  the  ash-pit  doors. 

PLACING  COAL  ON  THE  FUEL  BED.^ 

COVERING   THIN    SPOTS. 

In  firing,  the  fireman  should  place  the  coal  on  the  thin  spots  of 
the  fuel  bed.     Thin  and  thick  spots  will  occur  even  with  the  most 


Figure  1.— Condition  of  a  well-kept  fuel  bed  immediately  before  firing;  o  and  6  are  thin  spots  to  be  covered 

with  fresh  coal. 

careful  firing,  because  the  coal  never  burns  at  a  uniform  rate  over 
the  entire  grate  area.  In  places  where  the  air  flows  freely  through 
the  fuel  bed  the  coal  burns  faster  than  in  places  where  the  flow  of  air 
is  loss.  The  cause  of  this  variation  in  the  flow  of  air  through  the  dif- 
ferent parts  of  the  fuel  bed  may  be  differences  in  the  size  of  the  coal, 
accumulations  of  clinker,  or  the  fusing  of  the  coal  to  a  hard  crust. 
Where  the  coal  burns  rapidly,  the  thin  places  form. 

Before  throwing  the  fresh  coal  into  the  furnace  the  fireman  should 
take  a  quick  look  at  the  fuel  bed  and  note  the  thin  spots.  In  a  well- 
kept  fire  these  spots  can  be  usually  recognized  by  the  bright  hot 
flame.  The  thick  places  have  either  a  sluggish  smoky  flame  or  none 
at  all.  Figure  1  shows  the  condition  of  a  well-kept  fuel  bed  immedi- 
ately before  firing;  a  and  b  are  the  thin  spots  over  which  the  fresh 
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coal  should  be  spread.  In  order  to  place  the  coal  over  the  thin 
places  the  fireman  should  take  a  rather  small  quantity  of  coal  on 
his  scoop,  for  it  is  much  easier  to  place  the  coal  where  it  is  needed 
with  small  shovelfuls  than  with  large  ones. 

The  coal  should  be  placed  on  the  thin  places  in  rather  thin  layers. 
If  the  fireman  attempts  to  fill  up  the  deep  hollows  in  the  fuel  bed  at 
one  firing,  the  freshly  fired  coal  may  fuse  into  a  hard  crust  thus 
choking  the  flow  of  air,  causing  the  fuel  to  burn  slowly  and  starting 
new  high  places.  If  the  high  places  in  the  fuel  bed  are  missed  on 
one  or  two  firings  the  hard  crust  at  the  surface  will  gradually  burn 
through  or  crack,  thus  allowing  more  air  to  flow  through,  and  the 
place  will  get  back  to  its  normal  condition.  Of  course,  if  the  high 
place  in  the  fuel  bed  is  caused  by  clinker  the  flow  of  air  will  not  be 
free  until  the  clinker  is  removed  with  a  fire  tool.  Whatever  may  be 
the  cause  of  the  high  places  in  the  fuel  bed,  the  fireman  should  re- 
member that  they  are  places  where  the  coal  does  not  burn.  There 
is  no  use  in  placing  coal  on  such  a  place. 

If  the  firings  are  too  far  apart  the  coal  in  the  thin  spots  may  burn 
out  entirely,  allowing  a  large  excess  of  air  to  enter  the  furnace  in 
streams.  If  these  streams  of  air  are  not  properly  mixed  with  the 
gases  from  the  coal,  only  a  small  percentage  of  the  air  is  used  for 
combustion,  and  most  of  it  passes  out  of  the  furnace,  depriving  the 
boiler  of  considerable  heat.  If,  for  instance,  air  enters  the  furnace 
at  atmospheric  temperature,  say,  75°  F.,  and  leaves  the  boiler  at 
about  575°  F.,  it  carries  away  the  heat  that  was  absorbed  in  raising 
its  temperature  500°  F.  This  heat  is  lost  to  the  boiler.  Another 
loss  of  heat  occurs  when  holes  form  in  the  fuel  bed,  because  pieces  of 
unburned  coal  fall  through  the  grate  when  the  fireman  attempts  to 
cover  the  holes  with  fresh  coal.  Therefore,  in  order  to  avoid  the  for- 
mation of  holes,  firings  should  be  made  at  short  intervals,  particu- 
larly if,  for  any  reason,  the  fuel  bed  must  be  kept  thin. 

NEED    OF    AN    EVEN    FUEL    BED. 

If  the  fireman  persists  in  spreading  the  coal  evenly  over  the  entire 
grate  area  the  coal  will  accumulate  in  heaps  in  places  where  the 
flow  of  air  is  obstructed,  and  after  several  firings  the  fuel  bed  will 
have  the  shape  shown  in  figure  2. 

The  illustration  shows  the  heaps  of  coal,  Ji,  through  which  very 
little  or  no  air  flows.  However,  as  the  fresh  coal  at  the  top  of  these 
heaps  is  heated  the  volatile  combustible  is  distilled  off  and  rises  in 
columns  of  smoke  and  combustible  gas,  which  may  pass  out  of  the 
furnace  only  partly  burned  unless  the  furnace  is  equipped  with  gas 
mixing  structures.  Among  the  heaps  of  coal  are  shown  the  thin 
spots,  a,  through  which  air  passes  freely,  causing  the  coal  in  these 
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places  and  around  the  edges  of  the  heaps,  ~h,  to  burn  with  bright  flame. 
When  the  fuel  bed  gets  into  this  condition  it  is  impossible  to  see  the 
surfaces  of  the  thin  spots  and  difficult  to  place  coal  over  them. 
There  is  a  great  danger  then  that  some  of  these  thin  spots  may  become 
'holes,  and  admit  a  large  excess  of  air. 

The  quickest  way  of  making  such  fuel  beds  level  is  to  break  the 
caked  coal  forming  the  heaps  and  to  spread  it  over  the  thin  spots 
with  the  rake  shown  in  figure  15  (p.  32).  This  leveling  has  its  disad- 
vantages. It  puts  extra  work  on  the  firemen,  lets  an  excess  of  air 
into  the  furnace  through  the  open  firing  door,  and  is  apt  to  disturb 
the  ashes  and  thus  start  troublesome  clinker.  An  unskilled  fireman 
must  rake  his  fires  frequently  to  keep  them  level;  sometimes  the 
raking  must  be  done  after  every  other  firing.     Thus  he  handles  the 
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Figure  2.— Condition  of  fuel  bed  after  several  firings  when  the  coal  is  spread  evenly  over  the  grate  with- 
out regard  to  thick  or  thin  spots.  Smoke  and  unburned  combustible  gases  (CO)  are  shown  rising  from 
the  heaps  of  coal  (h);  excess  of  air  (02)  passes  through  the  thin  or  bare  spots  (a). 

coal  twice — once  when  he  throws  it  into  the  furnace,  and  again  when 
when  he  pushes  it  with  the  rake  where  it  is  needed.  A  skillful  fireman 
can  keep  a  fuel  bed  level  for  hours  without  raking,  simply  by  placing 
the  coal  where  it  is  needed.  Thus  he  saves  himself  not  only  the  work 
of  leveling  the  fires  but  also  avoids  the  formation  of  clinker,  thereby 
reducing  the  hardest  work  to  be  done  in  the  boiler  room — cleaning 
fires. 

PROPER    POSITION    IN    FIRING. 

In  order  that  the  fireman  can  place  the  coal  to  best  advantage  he 
must  take  a  proper  position  in  front  of  the  furnace,  so  that  he  can 
see  the  thin  spots  in  the  fuel  bed  and  with  least  effort  can  throw  the 
coal  where  it  is  needed.  A  proper  position  for  firing  the  left  door  is 
indicated  in  figure  3  by  the  footprints.     The  fireman  is  standing  4£ 
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to  5  feet  from  the  front  of  the  furnace  and  12  to  18  inches  to  the  left 
of  a  straight  line  running  through  the  center  of  the  left  door.  In  this 
position  he  is  about  2  feet  from  a  coal  car,  placed  6  to  7  feet  from  the 
front  of  the  furnace,  and  can  swing  Ms  scoop  from  the  coal  car  into 
any  place  on  the  left 
side  of  the  furnace, 
nearly  in  a  straight 
line,  so  that  he  has 
to  use  comparatively 
little  effort.  At  the 
end  of  the  throw  the 
scoop  is  suddenly 
stopped  by  laying  it 
on  the  bottom  edge 
of  the  fire-door  frame 
as  shown  in  figure  4 ; 
the  coal  slides  off  the 
scoop  and  is  scat- 
tered over  the  thin 
spot. 

With  reasonable 
practice  the  fireman 
can  throw  the  coal  on 
any  desired  spot  in 
the  fuel  bed,  and  by 
stopping  the  scoop 
on  the  bottom  edge 
of  the  fire-door  frame 
saves  himself  a  dis- 
agreeable jar.  A 
skilled  fireman  plac- 
ing the  coal  with 
graceful  movements 
of  the  shovel  is  a 
pleasing  sight.  An 
unskilled  fireman 
wears  himself  out  by 
bringing  the  scoop 
into  the  furnace  door  and  by  jerking  it  back  to  make  the  coal  slide 
off.  This  method  is  tiring,  but  may  do  if  the  furnace  is  not  very 
deep.  However,  with  deep  furnaces  it  is  very  difficult  to  get  the  coal 
far  enough  back  and  to  sproad  it  where  needed. 
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PLACE    FOR    COAL    BEING   FIRED. 

The  placing  of  the  coal  car  or  the  coal  pile  is  of  importance  in  order 
to  fire  efficiently.  The  best  place  for  it  is  6  to  7  feet  directly  in  front 
of  the  furnace,  as  shown  in  figure  3.  The  coal  can  be  held  in  a  coal 
car  of  about  1,000  pounds  capacity,  or  it  may  be  placed  on  the  floor. 
The  coal  car  is  preferable  and  should  be  used  whenever  possible, 
because  it  keeps  the  boiler  room  cleaner  and  makes  the  handling  of 
the  coal  and  the  fires  easier.  Thus,  for  instance,  when  the  fires  are 
being  cleaned  the  coal  car  can  be  pushed  out  of  the  way  so  that  the 
fireman  has  a  clear  space  to  work  and  handle  the  fire  tools.  The 
coal  car  may  run  on  an  iron  track  or  it  may  have  flat  wheels  and 
run  on  the  hard,  preferably  concrete,  floor  of  the  fireroom.  One  side 
of  the  car  should  have  at  the  bottom  a  swinging  hinge  so  that  it  can 
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Figure  4.— Tho  end  of  the  throw.  The  scoop  is  stopped  by  laying  it  on  the  lower  edge  of  the  fire-door 
frame  and  the  coal,  following  the  course  of  the  arrow,  slides  off  the  scoop  and  falls  on  a  thin  spot  in  the 
fuel  bed. 

be  swung  down  level  with  the  bottom  of  the  car,  thus  making  the 
shoveling  of  coal  easy.     Figure  5  shows  a  coal  car  of  a  good  design. 

If  the  coal  is  kept  on  the  floor,  the  coal  passer  should  not  be  allowed 
to  place  it  too  near  the  furnace  or  to  scatter  it  over  a  large  space. 
The  placo  where  the  fireman  stands  should  always  be  free  from 
coal  and  from  any  other  objects,  such  as  fire  tools,  so  that  the  fireman 
can  stand  firmly  when  firing. 


WHY  THE  FIREMAN  SHOULD  HAVE  PLENTY  OF  ROOM. 

FIRING    FROM    A    CAR. 

There  are  many  boiler  plants,  some  of  them  of  considerable  size, 
which  have  very  small  firing  floors,  so  that  the  fireman  has  not 
enough  clear  space  to  take  the  best  position  for  efficient  firing.  The 
coal  car  may  be  placed  on  the  track  less  than  4  feet  from  the  front 
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of  the  furnace.  Then  the  fireman  has  not  room  enough  to  swing 
his  shovel  properly,  and  it  is  hard  for  him  to  place  the  coal  where  it 
is  needed.  When  firing  he  must  stand  too  close  to  the  furnace  and 
be  exposed  to  the  intense  heat  radiated  by  the  fire.  To  avoid  some 
of  this  heat  he  stands  so  far  to  one  side  of  the  door  that  he  can  not 
sec  the  surface  of  the  fuel  bed  and  throws  the  coal  into  the  furnace 
by  guess.  His  scoop  travels  in  an  arc  of  a  circle,  as  shown  in  figure 
6  instead  of  moving  in  nearly  a  straight  line,  as  shown  in  figure 
3  (p.  11). 

As  the  scoopful  moves  around  the  curve  some  of  the  coal  usually 
drops  off,  and  is  scattered  over  the  firing  floor  or  falls  into  the  ash  pit. 


Figure  5. — Coal  car  of  a  good  design. 

The  fresh  coal,  instead  of  being  spread  over  the  thin  spots,  is  usually 
thrown  over  the  front  part  of  the  grate  where  it  accumulates  in 
heaps.  The  rear  part  of  the  fire  receives  much  less  coal  and  fre- 
quently is  full  of  holes.  This  condition  of  a  fuel  bed  is  shown  in 
figure.  7. 

Under  such  conditions  the  fireman  must  frequently  level  the  fuel 
bed  by  pushing  the  coal  with  the  rake  to  the  rear  of  the  grate  where 
he  can  not  place  it  with  his  scoop.  Thus  the  fireman,  although  he 
has  to  do  considerable  extra  work,  gets  low  efficiency  because  of 
the  large  excess  of  air  that  enters  the  furnace  through  the  holes  in 
the  rear  of  the  fuel  bed  or  through  the  open  fire  door.     Also,  the 
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coal  dropped  from  the  shovel  not  only  makes  the  fireroom  look  untidy 
but  makes  it  harder  for  the  fireman  to  walk  around  and  to  attend  to 
his  furnace. 


FIRING    FROM    THE    FLOOR. 

The  working  conditions  in  a  small  fireroom,  such  as  that  described,,  are 
worse  when  no  coal  car  is  used  and  the  day's  supply  of  coal  is  dumped 
on  the  firing  floor.  Often,  on  account  of  lack  of  room,  the  coal  is 
piled  within  3  feet,  or  even  less,  of  the  furnace.  There  is  not  enough 
foot  room  for  the  fireman  to  stand  in  a  good  position  so  that  he  can 
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see  the  surface  of  the  fuel  bed  and  place  the  coal  where  it  is  needed. 
With  such  conditions  economical  firing  is  out  of  the  question.  How- 
ever, the  poor  results  obtained  in  the  boiler  must  not  be  laid  to  the 
fireman,  but  to  the  designer  of  the  plant.  Usually  designers  of  power 
plants  are  liberal  with  space  in  the  engine  room  but  are  apt  to  be 
sting}"  with  space  in  the  boiler  room.  The  hand  firing  of  boilers  is 
hard  work.  To  do  it  rightly  requires  considerable  judgment  and 
skill.  And  there  should  be  sufficient  firing  space  for  the  proper 
handling  of  the  coal  shovel  and  fire  tools.  It  is  difficult  to  keep 
skillful  firemen  in  a  small,  poorly -kept  boiler  room. 


Figure  7.— Condition  of  fuel  bed  when  coal  is  placed  on  the  front  part  of  the  grate.    In  the  front  the  fuel 
bed  is  too  thick  and  extends  over  the  dead  plate;  in  the  rear  the  fuel  bed  is  too  thin  and  contains  holes. 


NEED  OF  A  SMOOTH  SURFACE  TO  SHOVEL  FROM. 

If  the  coal  is  fired  from  a  coal  car,  the  bottom  and  the  swinging 
side  should  have  no  protruding  rivets,  bolts,  or  edges,  because  these 
delay  the  fireman  in  taking  coal  on  his  shovel  when  firing.  A  skillful 
fireman  with  a  glance  at  the  fire  can  estimate  how  much  coal  is  needed 
on  a  thin  place  of  the  fuel  bed.  Almost  unconsciously  he  picks  the 
right  amount  on  his  scoop  and  at  the  same  time  endeavors  to  select 
the  mixture  of  fine  and  coarse  coal  best  suited  to  a  particular  thin 
spot.  Thus,  for  example,  if  the  spot  is  well  burned  down  so  that 
there  is  a  danger  of  bare  grate  he  selects  coarse  coal  to  avoid  sifting 
of  fine  coal  through  the  grate.  Coarse  coal  also  enables  him  to  build 
up  the  fuel  bed  in  the  particular  thin  spot  somewhat  quicker  without 
undue  choking  of  the  flow  of  air  through  it.  For  places  which  are 
not  too  thin  and  which  emit  brilliant  flame  he  selects  the  slack  coal 
from  the  coal  car. 
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When  the  bottom  of  the  coal  car  is  smooth  the  fireman  can  easily 
pick  the  coal  with  his  shovel  and  do  his  firing  quickly.  Thus  he  keeps 
the  fire  door  open  a  shorter  period  than  if  he  were  bumping  his  shovel 
against  rivets  or  other  obstructions  when  picking  the  coal.  Wide- 
open  fire  doors  always  hinder  good  efficiency,  and  the  time  fire  doors 
remain  open  should  be  reduced  to  a  minimum. 

What  has  been  said  about  a  smooth  bottom  for  the  coal  car  is  even 
truer  of  the  firing  floor,  in  case  the  coal  must  be  fired  from  the  floor. 
The  floor  in  front  of  the  boilers  should  be  level  and  smooth.  Hence 
a  well-made  concrete  floor  is  desirable,  because  it  helps  easy  and 
quick  shoveling  of  the  coal  and  can  be  kept  clean  easier  than  a  brick 
or  a  dirt  floor.  Many  a  boiler  room,  even  in  a  plant  of  considerable 
size,  is  defective  in  this  respect.  The  engine  room  is  apt  to  have  a 
smooth  hardwood  or  a  special  tile  floor  kept  painfully  clean  by  fre- 
quent scrubbing,  but  for  the  boiler  room  any  kind  of  a  floor,  such  as 
broken  concrete,  brick  pavement  with  missing  brick,  or  even  beaten 
earth,  is  considered  good  enough.  A  good  fireman  will  not  stay  in 
such  a  plant,  and  if  he  does  stay  he  soon  becomes  indifferent.  If  the 
owner  or  the  manager  of  the  plant  takes  no  pride  in  the  appearance 
of  the  boiler  room  and  its  economical  operation,  why  should  the  fire- 
man ?  Therefore,  if  the  owner  wishes  to  keep  good  firemen  and  have 
the  coal  he  buys  burned  with  the  highest  efficiency  he  should  provide 
ample  space  for  firing,  a  level  and  smooth  firing  floor,  and  encourage 
neatness  in  the  boiler  room. 

FREQUENCY  OF  FIRING  AND  AMOUNT  OF  COAL  TO  BE    FIRED  AT 

A  TIME. 

REASONS    FOR    SMALL    AND    FREQUENT    FIRINGS. 

Soft  or  bituminous  coal  should  be  fired  in  small  quantities  at  short 
intervals.  The  quantities  that  should  be  fired  vary  with  the  size  of 
the  grate  and  the  intensity  of  the  "draft."  When  the  total  avail- 
able draft  in  the  uptake  is  about  1  inch  of  water,  2  to  2^  pounds  of 
coal  fired  per  square  foot  of  grate  is  a  fair  average.  Thus  on  a  grate 
8  feet  wide  and  6  feet  deep  each  firing  would  average  100  to  125 
pounds  of  coal,  or  about  6  to  9  shovelfuls.  The  intervals  between  the 
firings  should  be,  on  the  average,  about  5  minutes  long.  In  case  the 
draft  is  high,  the  periods  can  be  shortened  to  3  minutes ;  with  a  weak 
draft  and  sluggish  fires  the  interval  may  sometimes  be  lengthened  to 
8  minutes,  but  under  ordinary  circumstances  it  should  never  be  longer 
than  10  minutes.  Small  and  frequent  firings  make  the  coal  supply 
more  nearly  proportional  to  the  air  supply,  which  in  most  hand-fired 
furnaces  is  nearly  constant;  they  also  reduce  the  formation  of  crust 
on  the  fires  and  the  chance  of  holes  forming  in  the  fuel  bed. 
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With  small  and  frequent  firings  the  fuel  supply  is  at  all  times  nearly 
proportional  to  the  air  supply,  so  that  better  combustion  is  obtained. 
For  the  complete  combustion  of  each  pound  of  coal  fired,  it  is  neces- 
sary to  supply  about  15  pounds  of  air.  At  atmospheric  temperature 
1  pound  of  air  occupies  a  volume  of  about  13  cubic  feet,  so  that  with 
each  pound  of  coal  fired  there  should  be  supplied  approximately  200 
cubic  feet  of  air.  Of  this  air  about  one-half  is  supplied  through  the 
grate  and  fuel  bed  and  one-half  through  the  various  openings  in  and 
around  the  fire  doors.     The  air  is  supplied  at  a  nearly  uniform  rate. 

DISTILLATION    OF    VOLATILE    MATTER. 

When  a  fresh  charge  of  bituminous  coal  is  spread  over  an  incan- 
descent fuel  bed,  the  coal  is  heated  rapidly  and  20  to  40  per  cent  of  the 
combustible  matter  is  distilled  off  hi  the  form  of  gases  and  tar  vapors; 
the  process  is  usually  nearly  completed  in  2  to  5  minutes  after  firing. 
This  distillation  is  the  same  as  that  which  takes  place  in  a  gas  retort  in 
the  manufacture  of  illuminating  gas,  and  results  from  the  heating  of 
the  coal,  no  matter  whether  air  is  supplied  or  not.  The  distilled 
combustible  matter  requires  for  its  combustion  additional  air,  which  is 
admitted  through  the  openings  in  the  fire  door.  It  can  be  readily 
understood  that  the  heavier  the  charges,  the  larger  the  amount  of 
volatile  combustible  driven  off  2  to  5  minutes  after  firing. 

AMOUNT    OF    AIR    REQUIRED. 

To  burn  the  volatile  combustible  about  15  times  its  weight  of  air 
needs  to  be  supplied.  Therefore  immediately  after  firing,  a  large 
quantity  of  air  should  be  admitted  over  the  fire  and  this  quantity 
should  be  gradually  reduced  as  the  distillation  of  the  volatile  com- 
bustible nears  completion.  The  larger  the  quantity  of  fresh  coal 
fired  at  a  time  the  larger  the  volume  of  air  needed  for  the  complete 
combustion  of  the  volatile  matter.  After  distillation  is  completed 
only  a  comparatively  small  quantity  of  air  need  be  admitted  over 
the  fuel  beds. 

RATE    OF    ADMISSION    OF    AIR. 

It  is  apparent,  then,  that  the  air  over  the  fuel  bed  should  be  sup- 
plied in  variable  quantities  between  each  firing,  and  the  total  quantity 
should  vary  with  the  weight  of  coal  fired.  Such  regulation  is  practi- 
cally impossible.  The  openings  in  the  fire-door  dampers  and  other 
openings,  such  as  those  caused  by  cracked  or  warped  fire  doors,  may 
remain  the  same  all  the  time;  so,  too,  does  the  draft  in  the  furnace. 
Consequently  the  quantity  of  air  flowing  into  the  furnace  over  the 
fuel  bed  remains  nearly  the  same  all  the  time.     Hence  it  can  be  easily 
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seen  that  immediately  after  firing,  when  a  large  amount  of  volatile 
combustile  is  being  distilled,  the  quantity  of  air  entering  the  space 
above  the  fuel  bed  is  not  large  enough  to  insure  complete  combustion. 
Also,  two  to  five  minutes  after  firing,  after  the  volatile  combustible  has 
been  driven  off,  the  air  supply  admitted  over  the  fuel  bed  may  be 
too  large.  The  only  practicable  way  of  meeting  these  difficulties  is  by 
firing  the  coal  in  small  quantities  at  short  intervals.  By  this  method 
of  firing  the  distillation  of  volatile  combustible  is  made  nearly  uni- 
form and  it  is  at  all  times  nearly  proportional  to  the  air  supply. 

REASON   FOB  FIRING   OFTEN. 

Perhaps  the  fact  that  the  distilled  combustible  and  the  air  supply 
over  the  fuel  bed  are  more  nearly  proportional  when  the  firings  are 
small  and  frequent  than  when  they  are  large  and  far  apart  can  be 
shown  more  clearly  by  a  diagram,  figure  8. 

In  case  A  firings  are  5  minutes  apart  and  in  case  B  15  minutes  apart, 
although  the  same  quantity  of  coal  is  fired  in  1  hour.  The  air  supply  is 
nearly  the  same  all  the  time,  so  it  is  represented  by  a  straight  fine 
parallel  to  the  bottom  line.  On  the  other  hand,  the  quantity  of  the 
volatile  combustible  driven  from  the  fuel  is  high  immediately  after 
a  firing  and  gradually  falls  almost  to  nothing  about  five  minutes  after 
firing.  Therefore,  in  the  diagram  it  is  represented  by  a  saw-tooth 
line.  The  carbon  monoxide  gas  formed  by  the  decomposition  of 
carbon  dioxide  in  the  hot  coke  of  the  fuel  bed  is  not  considered  here. 

If  enough  air  is  admitted  over  the  fire  to  insure  complete  combus- 
tion when  the  volatile  combustible  is  being  driven  off  at  the  highest 
rate  immediately  after  a  firing,  this  air  supply  will  be  entirely  too 
large  two  to  five  minutes  after  firing,  when  nearly  all  the  volatile 
combustible  has  been  distilled  off.  Although  combustion  may  be 
complete,  yet  the  large  excess  of  air  will  cause  a  loss  of  heat.  In  the 
diagram  this  condition  can  be  illustrated  by  passing  the  line  repre- 
senting the  air  supply  over  the  fuel  bed  over  the  crests  of  the  curves 
representing  volatile  matter.  If  the  air  supply  over  the  fuel  bed  is 
reduced  so  as  to  eliminate  the  loss  from  an  excess  of  ah*  about  five 
minutes  after  firing,  there  will  not  be  air  enough  to  burn  the  volatile 
combustible,  and  the  latter  will  pass  out  of  the  furnace  unburned. 
Thus  there  will  be  a  loss  of  heat  from  incomplete  combustion.  This 
condition  can  be  illustrated  by  passing  the  air  supply  line  through  the 
lowest  points  of  the  saw-tooth  curve. 

Ordinarily  the  best  results  are  obtained  when  the  air  supply  over 
the  fuel  bed  is  somewhat  less  than  is  necessary  to  insure  complete 
combustion  when  the  rate  of  distillation  of  the  volatile  matter  is 
highest.  The  reason  for  using  this  smaller  air  supply  is  to  avoid  a 
large  excess  of  air  and  its  accompanying  losses  after  most  of  the 
volatile  matter  is  driven  off.     This  average  air  supply  is  represented 
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in  the  diagram  by  the  horizontal  line  passing  through  the  saw-tooth 
curve.  With  this  constant  average  air  supply  there  is  a  small  loss 
from  incomplete  combustion  during  two  to  five  minutes  after  firing, 
and  a  loss  from  excess  of  air  after  that  until  another  firing  is  made. 
The  losses  from  the  incomplete  combustion  are  represented  by  the 
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Figure  8.— Relation  of  rate  of  distillation  of  volatile  matter  and  necessary  air  supply.  A  shows  the  air 
supply  and  the  distillation  of  volatile  combustible  when  the  firings  are  5  minutes  apart,  B  when  the 
firings  aro  15  minutes  apart.  In  both  cases  the  amount  of  coal  fired  per  hour  and  the  weight  of  volatile 
combustible  distilled  from  the  coal  are  the  same.  This  weight  of  volatile  combustible  is  represented 
by  the  shaded  area  under  the  saw-tooth  curve.  The  horizontal  dotted  lines  represent  constant  air  sup- 
ply sufficient  to  burn  the  volatile  matter  represented  by  the  shaded  areas  under  each  line.  The  shaded 
areas  above  each  horizontU  line  represent  for  each  air  supply  the  loss  from  incomplete  combustion  of 
the  volatile  matter.  The  clear  area  under  each  horizontal  line  represents  the  loss  from  excess  of  air.  It 
is  evident  that  as.  the  air  supply  increases  the  lass  from  incomplete  combustion  decreases,  but  the  loss 
from  excess  of  air  becomes  larger.  The  sum  of  the  two  losses  is  the  least  when  the  air  supply  is  that 
shown  by  tho  middle  line  marked  "Average  air  supply  over  fuel  bed."  It  is  also  evident  that  the  sum 
of  the  losses  for  the  average  air  supply  is  much  larger  in  B  than  in  A.  That  is,  small  and  frequent  firings 
are  better  than  large  firings  at  long  intervals. 

shaded  triangles  above  the  horizontal  line,  and  the  loss  due  to  large 
excess  of  air  is  shown  by  the  clear  triangular  areas  below  this  line. 
It  is  evident  that  in  case  A  the  sum  of  the  shaded  areas  above  the 
line  of  the  average  constant  air  supply  and  the  clear  areas  below  it 
is  only  about  one-half  of  the  sum  of  the  similar  areas  in  case  B. 
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ADVANTAGE    OF    SMALL    AND    FREQUENT    FIRINGS. 

This  diagram  shows  that  although  the  amount  of  coal  fired  per  hour 
in  the  two  cases  is  the  same,  the  sum  of  the  losses  in  firing  5  minutes 
apart  is  only  about  half  as  much  as  it  is  in  firing  15  minutes  apart. 
The  smaller  the  amount  of  coal  fired  and  the  shorter  the  interval 
between  the  individual  firings  the  nearer  will  the  saw-tooth  line  be 
like  the  horizontal  line  of  the  average  constant  air  supply  and  the 
smaller  will  be  the  losses.  Therefore,  in  hand-fired  furnaces  coal 
should  be  fired  in  small  quantities  at  short  intervals. 

An  ideal  case  is  the  one  in  which  the  coal  is  fed  into  the  furnace 
continuously  at  a  uniform  rate,  as  is  done  with  some  mechanical 
stokers.  The  coal  supply  is  then  as  uniform  as  the  air  supply,  and 
the  saw-tooth  line  coincides,  or  should  coincide,  with  the  line  of  the 
average  air  supply. 

Automatic  devices  for  introducing  a  variable  supply  of  air  over  the 
fuel  bed  can  be  purchased.  A  large  quantity  of  air  is  introduced 
immediately  after  firing  and  the  quantity  is  gradually  reduced,  until 
two  to  five  minutes  after  firing  the  air  supply  remains  constant. 
However,  even  with  these  devices  better  results  are  obtained  by 
small  and  frequent  firings  than  by  large  ones  at  long  intervals. 

EFFECT   ON   CAKING   OF   COAL. 

Small  and  frequent  firings  reduce  the  tendency  of  many  coals  to 
fuse  and  form  a  hard  crust  at  the  surface  of  the  fuel  bed.  Most  of  the 
soft  coals  used  for  steaming  purposes  fuse  in  this  way  and  the  crust, 
in  places,  prevents  the  free  passage  of  air  through  the  fuel  bed.  In 
these  places  the  fuel  burns  slowly.  At  other  places  in  the  fuel  bed 
where  the  crust  has  not  formed  or  where  it  is  cracked,  a  large  quantity 
of  air  flows  through,  and  the  coal  burns  quickly.  On  account  of  this 
uneven  flow  of  air  through  the  fuel  bed  the  coal  burns  unevenly,  and 
as  a  result,  the  rate  of  combustion  and  the  capacity  of  the  boiler  may 
be  decidedly  reduced.  Such  fusion  of  coal  is  particularly  trouble- 
some in  case  the  coal  contains  a  large  percentage  of  slack  and  large 
quantities  of  it  are  fired  at  a  time,  for  then  the  crust  must  be  broken 
and  the  fuel  bed  leveled  frequently.  In  an  extreme  cage,  this  crust 
must  be  broken  and  leveling  done  after  each  firing.  If,  however,  only 
a  little  coal  is  thrown  each  time  on  the  hot  burning  fuel  bed,  the  thin 
layer  of  fresh  coal  burns  through  before  a  hard,  tight  crust  can  form. 
Often  a  coal  gives  trouble  from  the  formation  of  crust  when  fired  in 
large  quantities  and  yet  burns  comparatively  freely  (without  fusing 
into  crust)  when  fired  in  small  quantities,  so  freely  that  a  good  fire 
can  be  run  two  or  three  hours  without  the  use  of  a  rake.  Therefore, 
to  avoid  or  to  reduce  the  formation  of  hard  crust  at  the  top  of  the 
fuel  bed  the  fresh  coal  should  be  fired  in  small  quantities,  so  that  it 
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will  make  a  thin  layer  that  will  not  fuse  and  interfere  with  the  flow 
of  air.  If  the  flow  of  air  is  not  hindered  the  layer  of  fresh  coal  will 
burn  through  without  fusing  into  crust.  As  this  thin  layer  of  fresh 
coal  burns  through  in  a  short  time,  the  small  firings  must  be  made 
at  short  intervals. 

With  frequent  firings  there  is  much  less  danger  of  holes  forming 
in  the  fuel  bed.  The  thin  spots  are  seen  and  are  covered  with  fresh 
coal  before  the  holes  actually  form.  In  this  way  frequent  firing 
reduces  the  losses  from  excess  of  air. 

REGULATION  OF  DRAFT.** 

In  most  boiler  plants  the  load  on  the  boilers  varies  from  hour  to 
hour  during  the  day,  and  the  varying  demand  for  steam  is  met  by 
burning  a  varying  amount  of  coal.  The  weight  burned  is  nearly 
proportional  to  the  demand  for  steam.  When  the  demand  for  steam 
is  high  the  fireman  burns  much  coal;  when  the  demand  is  low  he 
burns  correspondingly  less. 

It  has  been  stated  in  the  preceding  section  that  the  best  results 
are  obtained  when  about  15  pounds  of  air  is  used  to  burn  each  pound  of 
coal,  and  it  is  clear  that  to  burn  coal  most  economically  the  supply 
of  air  must  be  varied  with  the  rate  of  combustion.  The  quantity  of 
air  admitted  into  a  furnace  should  be  controlled  by  the  regulation 
of  the  draft;  that  is,  high  draft  should  be  used  with  a  high  rate  of 
combustion,  and  low  draft  when  a  low  rate  of  combustion  is  desired. 
Of  course,  it  is  impossible  for  the  fireman  to  obtain  high  rates  of  com- 
bustion with  low  draft,  but  he  frequently  uses  high  draft  with  a  low 
rate  of  combustion,  and  by  admitting  a  large  quantity  of  air  into  the 
furnace  uses  30  or  40  pounds  of  air,  instead  of  15  pounds,  to  burn 
each  pound  of  coal.  This  large  excess  of  air  admitted  into  the  fur- 
nace is  the  greatest  source  of  loss  in  burning  coal  under  a  boiler. 
The  air  enters  the  furnace  at  atmospheric  temperature  and  passes 
into  the  stack  at  a  temperature  about  500°  F.  higher.  The  heat 
absorbed  in  raising  the  temperature  of  this  air  500°  F.  may  amount 
to  30  or  40  per  cent  of  the  total  heat  in  the  coal  fired.  It  is  therefore 
important  to  regulate  the  draft  with  the  rate  of  combustion. 

NEED    OF   PROPER    DAMPER    CONNECTIONS. 

The  best  way  of  regulating  the  draft  is  by  using  a  damper  in  the 
uptake  or  breeching,  and  it  is  better  to  have  each  boiler  equipped 
with  its  own  separate  damper.  The  damper  should  be  connected 
so  that  the  fireman  can  manipulate  it  when  standing  on  the  floor  in 
front  of  the  boiler.  In  many  plants  there  are  no  such  connections,  and 
the  fireman  must  use  a  ladder  to  reach  the  damper;  in  consequence 

a  For  a  more  thorough  discussion  on  draft  see  Ray,  W.  T.,  and  Kreisinger,  n.,  The  significance  of 
drafts  in  steam-boiler  practice,  Bull.  21,  Bureau  of  Mines,  1911,  04  pp. 
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he  seldom  or  never  uses  it.  When  the  demand  for  steam  is  low, 
instead  of  keeping  down  the  rate  of  burning  of  the  coal  by  reducing 
the  draft,  he  fires  at  longer  intervals  and  permits  holes  to  form  in  his 
fire,  so  that  a  large  excess  of  air  enters  the  furnace.  This  excess 
of  air  absorbs  heat  while  passing  through  the  furnace  and  carries  the 
heat  away  through  the  stack. 

A  damper  without  a  proper  connection  for  manipulation  by  the 
fireman  is  as  bad  as  an  engine  throttle  without  a  handwheel.  A 
boiler  without  a  damper  is  almost  as  bad  as  an  engine  without  a 


Fire  door 


■------^S---±-^ — Fixed  pulley 


Figure  9.— Damper  connection  by  means  of  chain  and  pulleys.    The  damper  can  be  held  in  any  position 
by  hooking  the  ring  at  the  end  of  the  wire  over  pegs  of  a  rack  near  the  front  of  the  boiler. 

throttle.  Damper  connections  for  hand  manipulation  cost  compara- 
tively little  and  usually  arc  easy  to  install.  Figures  9  and  10  show 
two  of  the  connections  in  common  use.. 


CHAIN   AND   PULLEY   CONNECTION. 


The  connection  shown  in  figure  9  consists  of  wire  and  plumber's 
chain  running  over  fixed  pulleys.  The  wire  used  for  this  purpose 
should  be  about  10  or  12  gage  iron  wire.  Ordinary  stovepipe  wire 
is  not  heavy  enough;  it  pulls  out  and  breaks  frequently,  thereby 
causing  the  fireman  much  trouble.  The  pieces  of  chain  should  be  so 
long  that  in  no  position  of  the  damper  will  the  chain  run  entirely  off 


REGULATION    OF   DRAFT. 


23 


the  pulley.  The  wire  ends  in  a  ring  that  can  be  hooked  on  pegs  in  a 
vertical  rack,  fastened  to  the  front  or  the  side  of  the  boiler,  so  that 
the  damper  can  be  held  in  any  desired  position.  The  connections  and 
the  damper  are  moved  backward  by  a  weight  hung  on  the  opposite 
end  of  the  damper  arm. 


LEVER    CONNECTION. 


The  device  shown  in  figure  10  consists  of  levers  without  any  wire 
or  chain.  It  is  somewhat  harder  to  install  but  is  more  positive  in 
action  than  the  wire-and-chain  connection  shown  in  figure  9.  Either 
of  the  two  devices  will  pay  for  themselves  in  a  few  days  by  the  coal 
saved. 


CHANGING    POSITION    OF    DAMPER. 


The  position  of  the  damper  should  be  changed  gradually;  that  is, 
the  damper  should   be  moved  an  amount  sufficient  to   reduce   the 


Fire  doori 


Steam  drum 


1-inch  pipe  forked  at  each  end 


Pivoted  here  to  setting 


Lever 


Damper  shaft 


"7 
Breeching 


Figure  10.— Damper  connection  of  levers  and  connecting  rod.  Damper  can  be  held  in  any  position 
by  placing  the  hand  lever  between  any  two  pegs  on  the  rack.  The  figure  shows  a  good  place  fur  the 
draft  gage. 

air  supply  to  the  desired  rate  of  combustion.  It  should  never  be 
changed  suddenly  from  fully  open  to  closed.  For  example,  if  the 
steam  pressure  is  high  the  damper  should  not  be  closed  entirely  in 
order  to  let  the  pressure  drop  and  then  be  opened  full  in  order  to  get 
the  pressure  up.  Such  changes  of  the  damper  cause  the  draft  and 
the  air  supply  to  vary  excessively.  Poorly  adjusted  automatic 
dampers  cause  similar  variations. 

BAD   EFFECTS    OF   REGULATING   DRAFT   BY   ASH-PIT   DOORS. 

When  there  is  not  a  proper  damper  connection  the  fireman  often 
attenrpts  to  regulate  the  draft  by  closing  the  ash-pit  doors.  By 
doing  this  he  shuts  off  entirely  the  air  supply  through  the  fuel  bed, 
so  that  the  ash  on  the  grate  and  the  grate  itself  become  heated. 
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If  the  ash  has  a  tendency  to  fuse,  the  shutting  of  the  ash-pit  door 
may  cause  troublesome  clinkers.  The  repeated  heating  of  the  grate 
bars  warps  them  and  thus  shortens  their  life  decidedly. 

It  is  true  that  by  closing  the  ash-pit  door  the  air  supply  through 
the  fuel  bed  is  shut  off  and  the  rate  of  combustion  is  thereby 
greatly  reduced;  however,  the  draft  in  the  setting  is  increased,  so 
that  more  air  is  drawn  into  the  setting  through  openings  in  the  fur- 
nace doors  and  through  cracks  in  the  walls.  The  quantity  of  air  thus 
admitted  is  entirely  out  of  proportion  to  the  quantity  of  coal  burned. 
Only  a  little  of  the  air  is  utilized  in  the  burning  of  fuel;  most  of  it 
merely  absorbs  heat  which  it  carries  up  the  stack. 

Figure  11  is  intended  to  show  air  entering  the  furnace  and  setting 
in  three  streams,  one  through  the  ash-pit  door,  another  through  the 
openings  in  the  fire  doors,  and  a  third,  which  is  to  be  found  in  most 
furnaces,  through  leaks  in  the  furnace  and  the  setting.  Only  one  way, 
the  uptake,  is  provided  for  the  gases  leaving  the  setting.  It  is  evident 
that  when  the  damper  in  the  uptake  is  partly  closed  the  air  entering 
in  all  three  of  the  ways  named  is  reduced  in  the  same  proportion  and  the 
total  air  supply  per  pound  of  coal  consumed  remains  nearly  constant. 
On  the  other  hand,  if  the  ash-pit  door  is  partly  closed  only  the  amount 
of  air  entering  the  furnace  through  the  fuel  bed  is  reduced,  and 
the  amount  entering  through  the  furnace  door  and  the  leaks  is  in- 
creased because  of  the  higher  draft  in  the  furnace.  For  these  reasons 
regulation  of  the  draft  with  ash-pit  doors  is  objectionable  and  should 
be  avoided. 

USE    OF   DRAFT    GAGE. 

It  is  impossible  to  determine  the  strength  of  draft  from  the  position 
of  the  damper.  In  some  positions  the  damper  may  have  to  be 
moved  considerably  to  cause  any  noticeable  reduction  or  increase  of 
the  draft;  in  other  positions  a  slight  movement  of  the  damper  may 
change  the  intensity  of  draft  considerably.  It  is  best  to  do  away 
with  all  guesswork  by  connecting  a  draft  gage  permanently  to  the 
furnace  or  breeching,  so  that  the  intensity  of  draft  can  be  read  at  any 
time.  The  draft  gage  itself  can  be  placed  at  the  front  of  the  boiler, 
near  the  damper  connection,  so  that  the  fireman  can  read  the  draft 
while  adjusting  the  damper.  A  good  position  of  the  draft  gage  is 
shown  in  figures  9  and  10. 

Several  good  makes  of  draft  gages  can  be  purchased  at  reasonable 
prices.  A  simple  form  of  draft  gage  is  shown  in  figure  12.  It  con- 
sists of  a  U-shaped  glass  tube  attached  to  a  scale  graduated  to  one- 
sixteenth  of  an  inch.  The  glass  tube  is  about  half  filled  with  either 
water  or  kerosene,  the  latter  being  preferable  because  the  liquid 
responds  more  readily  to  changes  in  draft  so  that  small  differences 
are  more  easily  detected.     The  outside  diameter  of  the  glass  tube  is 
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Damper  in  the 
uptake 


five-sixteenths  or  three-eighths  of  an  inch.  The  gage  can  be  connected 
to  any  space  within  the  setting  by  means  of  a  small  iron  pipe  or  a  one- 
fourth  inch  copper  tube,  such  as  can  be  purchased  at  almost  any 
automobile  supply  shop.  The  copper  tube  is  preferable  because  no 
joints  need  be  made,  the  tube  being  easily  bent  to  any  shape.  The 
joint  between  the  copper  tube  and  the  gage  i3  best  made  with  seam- 
less black  rubber  tubing,  which 
can  be  bought  from  any  chemical 
supply  company. 

A  draft  gage  permanently  con- 
nected to  one  place  is  better  than 
a  portable  instrument,  because  a 
fireman  usually  does  not  like  to' 
take  the  trouble  of  changing  the 
instrument  from  one  place  to 
another.  If  two  gages  are  avail- 
able, one  can  be  connected  to  the 
uptake  below  the  damper  and  one 
to  the  furnace.  If  only  one  gage 
is  at  hand,  it  is  more  serviceable 
when  connected  to  the  furnace. 
Figure  13  shows  how  a  draft  gage 
may  be  connected  to  the  breech- 
ing. In  figure  14  th  e  gage  is  shown 
connected  to  the  furnace.  The 
end  of  the  metallic  tubing  in- 
serted through  the  setting  should 
be  at  right  angles  to  the  direction 
of  the  stream  of  gases.  If  the 
open  end  of  the  tube  faces  the 
stream,  the  draft  indicated  by 
the  gage  will  be  too  low;  if  the 
tube  is  with  the  stream,  the  draft 
shown  will  be  too  high.  The  pur- 
pose of  the  draft  gage  is  to  show  the 
difference  of  pressure  between  the 
gases  within  the  setting  and  the  air  outside;  therefore,  any  effect  of 
the  motion  of  the  gases  on  the  reading  of  the  gage  should  be  avoided. 


Figure  11.— Diagram  of  the  ways  in  which  air 
enters  a  furnace  and  the  gases  leave  it.  The  air 
enters  through  the  ash  pit,  the  firing  door,  and 
through  leaks;  the  gases  leave  only  through  the 
uptake.  By  throttling  the  gases  with  the  damper 
in  the  uptake  all  the  air  entering  by  each  of  the 
three  ways  is  reduced  in  the  same  proportion; 
whereas  by  partly  closing  the  ash-pit  door  only 
the  air  admit  ted  through  ash  pit  is  reduced, that 
admitted  the  other  two  ways  being  increased. 


SIGNIFICANCE    OF   THE    WORD    DRAFT. 

The  word  "draft"  as  used  in  describing  boiler  practice  is  indefinite. 
Sometimes  it  signifies  the  motion  of  the  gases,  but  ordinarily  it  means 
the  difference  in  pressures  which  produces  the  motion.  Thus,  for  ex- 
ample, if  the  difference  in  the  water  columns  in  the  U  tube  connected 
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to  the  breeching  is  1  inch,  the  draft  in  the  breeching  is  said  to  be  1 
inch  of  water.  Actually,  of  course,  the  pressure  of  the  gases  within 
the  breeching  is  1  inch  of  water  below  atmospheric  pressure.     If 

kerosene  is  used  in  the  gage  the 
difference  in  height  of  the  two 
columns  must  be  multiplied  by 
the  specific  weight  of  the  kero- 
sene in  order  to  obtain  the  fig- 
ures for  inches  of  water.  The  av- 
erage specific  weight  of  ordinary 
kerosene  is  about  0.78,  so  that 
when  kerosene  is  used,  if  the 
draft  gage  indicates  1.2  inches, 
the  draft  is  1.2X0.78,  which 
equals  0.936  inches  of  water. 

DRAFT    IN   THE  BREECHING. 


-2— 


-0 


Seamless  black 
rubber  tubing 


The  average  draft  in  the 
breeching  in  plants  having 
stacks  100  to  150  feet  high  is 
three-fourths  to  1  inch  of  water. 
The  draft  over  the  fire  varies 
from  one-eighth  to  one-half  of 
an  inch  of  water.  The  draft  in 
the  breeching  varies  with  the 
height  of  the  stack  and  the  tem- 
perature of  the  chimney  gases 
and  decreases  as  the  number 
of  boilers  served  by  the  same 
stack  increases,  and,  of  course, 
varies  with  the  opening  of  the 
damper.  If  the  damper  is  wide 
open,  the  draft  in  the  breech- 
ing is  the  same  as  it  would  be 
if  no  damper  were  there,  and  by 
closing  the  damper  the  draft  in 
the  breeching  is  reduced  to  zero. 

DRAFT    OVER    THE    FIRE. 


Figure  12.— A  U-tubo  draft  gage. 


The  draft  over  the  fire  varies 
with  the  draft  in  the  breeching. 
It  increases  when  the  resistance  of  the  fuel  bed  increases,  and  the 
resistance  of  tho  fuel  bod  increases  with  the  thickness  of  the  bed  and 
the  accumulation  of  clinkers.     When  the  fire  is  thin  the  draft  over 
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the  fuel  bed  is  low;  when  the  fire  is  thick  the  draft  is  high.  After 
the  nre  is  cleaned,  when  there  is  no  ash  nor  clinker  on  the  grate,  the 
draft  is  low;  as  clinker  and  ash  accumulate  on  the  grate  the  draft 
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over  the  fire  increases.  "When  coal  containing  much  slack  is  fired 
the  draft  over  the  firo  is  higher  than  when  coarse  coal  is  fired  if  the 
thickness  of  the  fuel  bed  is  the  same  in  both  cases.  Therefore,  since 
the  draft  over  the  fire  is  affected  by  the  different  factors  named, 
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these  factors  must  be  considered  in  determining  the  rate  of  combus- 
tion from  the  draft.  If  the  resistance  of  the  fuel  bed  could  be  kept 
constant,  the  air  supply  through  the  fuel  bed,  and  therefore  the  rate 
of  combustion,  would  vary  approximately  as  the  square  root  of  the 
draft  over  the  fire.  Thus,  if  with  a  draft  over  the  fuel  bed  of  one-half 
inch  of  water  the  rate  of  combustion  is  28  pounds  of  coal  per  square 
foot  of  grate  per  hour,  then  with  the  draft  one-fourth  of  an  inch  and 
with  the  same  resistance  as  before  the  rate  of  combustion  would  be 
20  pounds.  In  a  hand-fired  furnace  it  is  difficult  if  not  impossible 
to  keep  the  resistance  of  the  fuel  bed  constant.  Therefore  in  esti- 
mating the  rate  of  combustion  from  the  reading  of  the  draft  gage  due 
consideration  must  be  given  the  thickness  of  the  fuel  bed  and  par- 
ticularly the  accumulation  of 
clinker. 


VALUE    OF    DRAFT    GAGE. 

After  a  fireman  becomes  famil- 
iar with  the  indications  of  the 
draft  gage  connected  to  the  fur- 
nace he  can  learn  a  great  deal 
about  the  condition  of  his  fire  by 
watching  his  draft  gage.  Thus, 
if  the  draft  over  the  fire  is  low 
when  the  damper  is  full  open  he 
may  be  sure  that  there  are  holes 
in  the  fire.  If  the  draft  is  high 
it  is  likely  that  dense  clinker  has 
accumulated  on  the  grate.     Thus 


Frcsur.E  14. — Draft-gage  connection  to  furnace. 


a  draft  gage  is  not  only  a  valuable  instrument  for  adjusting  the  sup- 
ply of  air  and  the  rate  of  combustion  to  the  demand  for  steam,  but  it 
gives  the  fireman  useful  information  about  the  condition  of  his  fire. 
Some  power-plant  owners  may  not  be  willing  to  provide  draft 
gages  for  boilers,  thinking  that  the  draft-gage  indications  are  too 
complicated  and  that  the  firemen  will  not  learn  to  use  them,  or  that 
the  firemen  can  get  along  without  draft  gages  because  they  got  along 
somehow  in  the  past  without  any.  Neither  of  these  reasons  is  good. 
Firemen  have  learned  how  to  read  the  pressure  gage  and  the  water 
column  and  how  to  adjust  the  rate  of  feeding  the  water  to  the  demand 
for  steam.  They  will  surely  learn  also  how  to  adjust  the  air  supply 
and  the  rate  of  combustion  to  the  demand  for  steam. 

THICKNESS  OF  FUEL  BED. 

The  thickness  of  fire  should  vary  somewhat  with  the  quality  of 
coal  and  the  available  draft.  In  stationary  plants  where  the  avail- 
able draft  in  the  breeching  is  about  1  inch  of  water,  and  where  run- 
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of-minc  coal  is  used,  the  best  thickness  of  fuel  bed  is  4  to  8  inches. 
In  locomotives  where  the  draft  in  the  smoke  box  frequently  exceeds 
10  inches  of  water  it  is  good  practice  to  carry  fires  6  to  10  inches 
thick.  Under  the  usual  operating  conditions  in  stationary  plants 
there  is  no  reason  why  fires  should  be  carried  thicker  than  8  inches, 
and  with  some  coal  even  an  8-inch  fire  is  too  thick.  If  the  coal  is 
coarse  and  contains  only  a  small  proportion  of  fine  coal,  the  thickness 
of  the  fuel  bed  may  be  near  8  inches;  but  if  the  coal  is  mostly  small 
pieces  and  slack,  better  results  are  obtained  with  the  thickness  of 
the  fuel  bed  near  4  inches. 

BAD  EFFECTS  OF  A  THICK  FUEL  BED. 

There  are  power  plants  where  the  fuel  beds  are  carried  as  thick  as 
18  inches  and  even  2  feet.  Only  a  few  coals  mined  in  the  United 
States  will  stand  such  mistreatment;  most  of  the  coals  when  burned 
with  thick  fires  cause  serious  troubles,  such  as  a  reduction  of  boiler 
capacity  and  clinkering. 

A  thick  fuel  bed  offers  more  resistance  to  the  passage  of  air  than 
a  thin  one,  and,  therefore,  with  the  same  available  draft  in  the 
breeching,  less  air  can  be  supplied  through  a  thick  fuel  bed  than 
through  a  thin  one.  As  every  pound  of  coal  fired  requires  for  its 
combustion  about  15  pounds  of  air,  a  smaller  air  supply  necessarily 
causes  a  lower  rate  of  combustion  and  a  lower  boiler  capacity.  No 
more  coal  can  be  burned  than  there  is  air  for,  no  matter  how  much 
is  shoveled  into  the  furnace.  This  is  a  fact,  not  a  theory.  Several 
times  the  author  has  been  able  to  keep  the  steam  pressure  through 
a  day's  run  with  a  thin  fire  after  the  plant  fireman  had  failed  to  do 
so  with  a  thick  fire. 

Of  course  it  takes  more  skill  to  handle  a  thin  fire,  but  a  good 
fireman  is  proud  of  his  skill  and  is  glad  to  acquire  it  if  there  is  rea- 
sonable recognition  by  his  employer. 

A  thick  fuel  bed  is  perhaps  the  most  common  cause  of  excessive 
clinkering,  especially  in  the  case  of  a  coal  whose  ash  melts  at  a  rela- 
tively low  temperature.  This  effect  of  carrying  a  thick  fuel  bed  is 
discussed  fully  in  the  chapter  on  clinkering,  page  38.  There  are 
coals  that  will  not  form  clinker  no  matter  how  thick  a  fuel  bed  is 
carried,  but  such  coals  are  rather  scarce. 

REASONS  FOR  THIN  FUEL  BEDS. 

Many  boiler-room  operators  are  opposed  to  thin  fuel  beds  because 
they  think  that  too  much  air  flows  through  the  fuel  bed  into  the  fur- 
nace without  uniting  with  the  carbon  of  the  coal  to  form  carbon  dioxide. 
In  other  words,  they  think  that  a  thin  fire  reduces  the  percentage 
of  carbon  dioxide  (C02)  and  increases  the  percentage  of  free  oxygen 


so 
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(02)  in  the  flue  gases,  and  thus  increases  the  loss  up  the  chimney. 
They  reason  that  as  the  fuel  bed  is  thin,  some  of  the  oxygen  passes 
through  without  being  used  in  combustion,  whereas  if  a  fuel  bed  is 
thick  most  of  the  oxygen  is  used  in  the  burning  of  the  coal  before  it 
passes  entirely  through  the  fuel  bed.     Such  reasoning  is  wrong. 

Thin  fuel  beds  do  not  let  oxygen  pass  through  unburned  unless 
they  contain  holes.  The  available  evidence  shows  that  the  gases 
rising  from  the  surface  of  a  fuel  bed  3  or  4  inches  thick  contain  on 
the  average  less  than  2  per  cent  of  free  oxygen  and  about  25  per  cent 
combustible  gas — that  is,  considerable  air  must  be  admitted  through 
the  fire  doors  and  other  openings  to  the  combustion  space  in  order 
to  burn  completely  the  combustible  gases. 

COMPOSITION    OF    FURNACE    GASES. 

On  page  282  of  Bulletin  23  of  the  Bureau  of  Mines  °  is  a  table  of 
analyses  of  six  samples  of  gases  collected  at  the  surface  of  a  fuel  bed 
about  3  inches  thick.  These  samples,  which  were  collected  and 
analyzed  at  the  Government  fuel-testing  plant  at  St.  Louis,  Mo., 
show  that  the  gases  leaving  the  fuel  bed  formed  actually  a  very  good 
producer  gas. 

In  Table  1  are  given  the  results  of  more  recent  investigations  made 
at  the  experiment  station  of  the  Bureau  of  Mines  in  Pittsburgh. 
The  table  contains  the  analyses  of  five  samples  collected  at  the  sur- 
face of  the  fuel  bed  on  a  Murphy  automatic  stoker. 

Table  1. — Analyses  of  gaseous,  liquid,  and  solid  substances  rising  from  the  fuel  bed  of  a 
Murphy  stoker  (fuel  bed  6  inches  thick). 

[V.  K.  Ovitz,  analyst.] 


Number  of  test 

Point  of  sampling 

C02,  percentage  by  volume 

O2,  percentage  by  volume 

CO,  percentage  by  volume 

CI!*,  percentage  by  volume , 

H2,  percentage  by  "volume 

Unsaturated  hydrocarbons,  percentage  by  volume 

Approximate  volume  of  gas  drawn  through  sampler,  cubic  feet. . . 
Total  substance  collected  in  sampler  and  soluble  in  benzol, 

grams 

Total  substance  collected  in  sampler  and  not  soluble  in  benzol 

(soot),  grams 


187 


190 


190 


y-l-25 

5.4 

0.0 
14.8 

2.4 
25.7 

2.7 

1.5 

9.005 
0.237 


x-3-25 

8.5 

0.4 

16.2 

(o) 

(») 
1.8 
3.7 

3.8G3 

2.1S3 


x-1-25 
11.3 

0.7 
10.9 

0.9 

3.4 

0.0 

3.9 

0.231 
0.533 


x-1-25 

6.6 

0.2 
15.9 

5.2 
18.9 

0.0 

2.7 

2.400 

0.774 


y-3-25 

9.2 

0.7 

8.5 

4.4 
13.3 

0.9 

1.7 

0.632 
0.453 


a  Lost  by  explosion. 
HOW    THICKNESS    OF    FUEL    BED    AFFECTS    FURNACE    GASES. 

A  thick  fuel  bed  not  only  does  not  decrease  the  free  oxygen  in  the 
flue  gases  but  it  may  actually  increase  it,  as  the  following  explanation 

shows : 


a  Breckenridge,  h.  P.,  and  others,  Steaming  tests  of  fuel  and  related  investigations,  Sept.  1, 1904,  to  Dec. 
31,  1908. 
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Assume  that  in  a  hand-fired  furnace  with  a  fuel  bed  5  inches  thick, 
the  quantity  of  air  admitted  through  the  proper  openings  in  the  fire 
doors  is  sufficient  to  burn  completely  the  combustible  gases  rising  from 
the  fuel  bed.  Now,  if  the  thickness  of  the  fuel  bed  be  increased  to  10 
inches,  its  resistance  is  nearly  doubled;  the  draft  over  the  fuel  bed  is 
increased  somewhat,  but  is  not  doubled.  The  quantity  of  combusti- 
ble gases  rising  from  the  surface  of  the  fire  depends  directly  on  the 
quantity  of  air  flowing  through  the  fuel  bed.  Therefore  when  the 
resistance  of  the  fuel  bed  is  nearly  doubled  by  doubling  the  thickness 
of  the  fuel  bed,  less  air  (but  more  than  one-half)  flows  through  the 
fire  and  less  combustible  gas  rises  from  its  surface.  At  the  same 
time  the  openings  admitting  air  over  the  fuel  bed  remain  constant,  so 
that  the  higher  furnace  draft  causes  more  air  to  flow  over  the  fire. 
Thus,  when  the  fuel  bed  is  10  inches  thick,  less  combustible  gases  is 
burned  with  larger  ah'  supply  over  the  fire  than  when  the  fire  is  only 
5  inches  thick,  provided,  of  course,  that  in  both  cases  the  fire  is  per- 
fectly level  and  is  free  from  holes. 

The  accumulation  of  clinker  has  the  same  effect  as  thickening  the 
fuel  bed.  The  clinker  increases  the  resistance  to  the  flow  of  ah 
through  the  fuel  bed  so  that  the  latter  generates  a  smaller  quantity  of 
gas.  The  increased  draft  in  the  furnace  draws  in  more  air  through 
the  openings  in  the  fire  door  so  that  more  is  used  to  burn  1  pound  of 
coal  when  the  grate  is  chnkered  than  when  the  fire  is  clean.  This 
fact  is  known  to  every  boiler-room  operator. 

Many  firemen  do  not  like  thin  fuel  beds  because  they  can  not  run 
the  fires  with  long  intervals  between  firings.  However,  this  feature 
is  rather  in  favor  of  a  thin  fuel  bed  than  against  it.  If  the  fireman 
must  give  the  fires  frequent  attention  he  is  more  likely  to  keep  them 
level  and  free  from  holes.  A  thin  and  level  fuel  bed  is  the  most  im- 
portant requisite  in  burning  coal  efficiently. 

CLEANING  FIRES. 

In  the  hand-fired  furnace  not  only  is  the  feeding  of  the  coal  a  more 
or  less  intermittent  process,  but  also  the  removal  of  the  ash  must 
be  done  at  intervals.  Part  of  the  fine  ash  drops  through  the  grate, 
but  the  coarse  pieces  and  the  clinker  accumulate  on  the  grate  and 
must  be  removed.     The  removal  of  the  refuse  is  called  cleaning  fires. 

The  tools  used  in  handling  fires  are  shown  in  figure  15.  The  hoe 
and  slice  bar  are  used  principally  for  cleaning  the  fires;  the  rake  is 
used  only  for  leveling  the  fuel  bed.  The  bodies  of  the  tools  are  made 
of  iron  pipe  to  give  lightness  with  strength.  The  handles,  as  well  as 
the  fire  end  of  the  slice  bar  and  the  rake  are  welded  to  the  pipe.  The 
plate  of  the  hoe  is  fastened  with  two  rivets  to  a  solid  piece  of  round 
iron  which  is  welded  into  the  pipe.  The  slice  bar  should  be  about  a 
foot  longer  than  the  other  tools.     A  set  of  the.^e  three  tools  costs  about 
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$6.     They  can  bo  made  by  any  village  blacksmith  and  with  reasonable 
care  will  last  a  long  time. 

How  often  the  fires  should  be  cleaned  depends  on  the  proportion 
of  ash  in  the  coal,  the  character  of  the  ash,  and  the  type  of  grate.  If  the 
coal  contains  much  ash  and  this  ash  is  fusible,  the  fires  have  to  be 
cleaned  often.     If  a  shaking  grate  is  used,  or  if  the  air  spaces  in  a 


Figuke  15.— Tools  for  handling  fires. 

plain  grate  are  large,  some  of  the  free  ash  can  be  shaken  through  the 
grate,  and  thus  the  rate  at  which  refuse  accumulates  on  the  grate 
is  reduced.  If  a  light  fire  is  carried,  less  clinker  forms  on  the  grate 
and  under  such  conditions  the  fire  can  often  be  run  through  a  day 
shift  without  cleaning. 

The  cleaning  of  fires  should  be  done  thoroughly;  that  is,  all  clinker 
and  ash  should  be  removed  so  that  they  can  not  fuse  to  the  side  wall 
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and  the  bridge  wall  and  thus  gradually  reduce  the  effective  area  of 
the  grate.  The  clinker  and  ash  should  be  removed  in  such  a  way 
as  to  waste  very  little  combustible.  Waste  of  combustible  can  be 
largely  avoided  by  separating  the  good  coal  from  the  clinker  and  ash. 
This  separation  can  be  made  easily,  because  the  clinker  and  ash 
naturally  sink  to  the  grate,  while  the  good  coal  remains  on  top. 

Two  methods  of  cleaning  hand-fired  furnaces  are  in  general  use; 
one  is  called  the  side  method  and  the  other  the  front-to-rear  method. 
The  names  given  these  two  methods  refer  to  the  way  the  coal  is 


_ 


B 


Figure  16. — Side  method  of  cleaning  fire.  A  shows  how  tho  hoe  is  used  to  move  the  burning  coal  from 
the  left-hand  side  of  the  grate  to  the  right-hand  side.  B  shows  the  use  of  the  slice  bar  for  the  same  pur- 
pose.   The  motion  of  the  tools  is  indicated  by  the  arrows. 

separated  from  the  clinker  and  ash  and  to  the  general  procedure  of 
the  cleaning. 

SIDE    METHOD    OF    CLEANING. 

In  the  side  method  one  side  of  the  fire  is  cleaned  at  a  time.  The 
good  coal  is  scraped  and  pushed  from  the  side  to  be  first  cleaned  to  the 
other  sido  in  the  manner  shown  in  figure  16,  A  and  B.  Tho  arrows 
indicate  the  direction  of  the  movement  of  the  fire  tools  and  of  the 
burning  coal.  In  A  is  shown  tho  use  of  the  hoe  to  pull  tho  burning 
coal  from  the  rear  left  corner  to  the  right  half  of  the  grate  and  also 

44554°— 16 3 
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to  push  the  coal  from  the  front  of  the  left  half  to  the  right  half  of 
the  grate.  In  B  is  shown  the  use  of  the  slice  bar  in  scraping  with  an 
oarlike  motion  the  coal  from  the  left  half  to  the  right  half  of  the 
grate.  Figure  17  shows  the  left  side  of  the  grate  free  from  burning 
coal  and  ready  for  pulling  out  the  clinker. 

If  the  clinker  sticks,  the  slice  bar  may  have  to  be  run  under  it  to 
loosen  it  from  the  grate  and  side  wall  and  to  break  it  so  that  it  can 
be  pulled  out  with  the  hoe.  This  loosening  and  breaking  of  the 
clinker  should  be  done  immediately  after  scraping  the  coal  with  the 
slice  bar,  as  shown  in  figure  16,  while  the  slice  bar  is  in  the  furnace, 
so  as  to  save  an  extra  handling  of  the  slice  bar.  When  all  the 
clinkers  are  loosened  and  are  broken  enough,  they  are  collected  with 
the  hoe  on  the  front  part  of  the  grate  and  then  are  pulled  out  of  the 

furnace  into  a  wheel- 
barrow set  close  to  the 
furnace  door,  as  shown 
in  figure  18. 

Gathering  the  clink- 
el's  first  on  the  front 
part  of  the  grate  before 
pulling  them  out  saves 
the  fireman  from  be- 
ing exposed  at  close 
range  to  as  much 
radiant  heat  as  he 
would  be  if  he  pulled 
the  clinker  from  the 
front  part  of  the  grate 
first  and  then  that 
from  the  rear.  The 
long  handle  of  the  hoe  permits  the  fireman  to  stand  at  a  comfortable 
distance  while  pulling  the  clinkers  into  the  wheelbarrow.  Pulling  the 
clinkers  into  a  wheelbarrow,  instead  of  letting  them  fall  on  the  firing 
floor,  saves  extra  work  of  loading  into  the  wheelbarrow  with  a  shovel; 
also  it  saves  the  ash-pit  door  from  being  heated  and  warped. 

When  one  side  of  the  furnace  is  cleaned,  the  burning  coal  from  the 
other  side  is  moved  and  scraped  to  the  clean  side,  as  illustrated  in 
figure  16  (p.  33).  The  burning  coal  is  spread  evenly  over  the  clean 
part  of  the  grate  with  a  hoc,  and  several  shovelfuls  of  fresh  coal  are 
added  in  order  to  have  enough  burning  coal  to  cover  the  entire  grate 
when  the  cleaning  is  done.  This  adding  of  coal  is  important,  espe- 
cially when  cleaning  must  be  done  with  the  load  on  the  boiler.  The 
clinkers  are  removed  from  the  second  half  of  the  grate  in  the  same 
manner  as  from  the  first  half.  When  cleaning  is  started,  there  should 
be  so  much  burning  coal  in  the  furnace  that  enough  will  be  left  to 


Figure  17 


-The  left  half  of  the  grate  is  ready  for  pulling  the  clinker 
and  ash  out  of  the  furnace. 
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start  a  hot  fire  quickly  when  the  (.'loaning  is  completed.  If  a  light 
fire  is  carried,  cleaning  may  be  started  without  waiting  for  the  fire 
to  burn  down.  In  fact,  it  may  be  necessary  when  starting  to  clean 
to  put  some  fresh  coal  on  the  side  to  be  cleaned  last.  During  cleaning 
the  damper  should  be  partly  closed. 

After  a  fireman  has  become  familiar  with  the  side  method  he  is  able 
to  clean  the  furnace  of  a  200-horsepower  boiler  in  10  to  12  minutes. 

FRONT-TO-REAR    METHOD    OF    CLEANING. 

In  the  front-to-rear  method  of  cleaning  the  burning  coal  is  pushed 
with  the  hoe  against  the  bridge  wall  instead  of  being  moved  to  one 
side.  Usually  it  is  prefer- 
able to  clean  one  half  of 
the  grate  at  a  time  unless 
the  furnace  is  small  and 
has  only  one  fire  door. 
Figure  19  shows  the  burn- 
ing coal  pushed  against  the 
bridge  wall  and  the  clinker 
and  ash  ready  to  be  pulled 
out.  The  clinker  is 
loosened  and  pulled  out 
in  the  same  way  as  in 
the  side  method  of  clean- 
ing. After  the  exposed 
clinkers  and  refuse  have 
been  removed,  the  burn- 
ing coal  is  pulled  forward 
onto  the  bare  part  of 
the  grate  with  a  hoe  and 
leveled.  Fresh  coal  is  then 
fired  and  the  fuel  bed  is  ready  for  the  continuation  of  the  regular  run. 

The  front-to-rear  method  of  cleaning  of  fire  is  somewhat  quicker 
than  the  side  method,  but  it  is  not  so  thorough.  Some  clinker  is 
always  left  at  the  bridge  wall,  and  this  clinker  grows  toward  the 
front  and  gradually  reduces  the  effective  grate  area.  When  the 
boiler  is  worked  hard  this  growth  of  clinker  near  the  bridge  wall  will 
cause  shortage  of  steam  and  finally  may  cause  a  shutdown.  There- 
fore, if  the  front-to-rear  method  of  cleaning  must  be  used  while  the 
boiler  is  under  a  heavy  load,  the  side  method  should  be  employed 
after  the  day's  run  is  over  and  the  load  on  the  boiler  is  reduced,  so  as 
to  prevent  large  accumulation  of  thick  and  hard  clinker  on  the  bridge 
wall. 


FlGTTBE   IS. — Wheelbarrow  in  front  of  firing  door  ready  to 
receive  clinker  and  ash  whan  fire  is  cleaned. 
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OTHER    METHODS    OF   CLEANING    FIRES. 

Some  firemen  have  the  habit  of  pulling  the  clinker  out  of  the 
furnace  without  first  scraping  and  pushing  the  burning  coal  against 
the  bridge  wall  or  to  one  side.  They  run  a  slice  bar  under  the 
clinker  and  lift  it  to  the  surface  of  the  fuel  bed.  Then  they  take  a 
hook  or  the  hoe  and  pull  the  large  pieces  out.  The  smaller  pieces, 
which  are  not  easily  detected  and  handled,  are  left  in  the  fire.  These 
small  pieces  of  clinker  are  melted  in  a  few  minutes  by  the  high  tem- 
perature near  the  surface  of  the  fuel  bed  and  then  run  into  the  grate. 
Thus  more  masses  of  clinker  are  formed  which  are  usually  worse  than 
those  previously  removed.     Such  cleaning  does  not  improve  the  fire 


Figure  19.— Front-to-rear  method  of  cleaning.    Burning  coal  is  pushed  against  the  bridge  wall;  the 

clinker  is  ready  to  be  pulled  out. 

at  all;  it  really  spoils  the  fire,  and  it  is  mentioned  here  only  to  dis- 
courage its  use. 

In  case  the  clinker  lies  tight  over  the  grate  and  shuts  off  the  air 
supply,  and  if  time  can  not  be  taken  to  clean  fires,  temporary  relief 
can  be  obtained  by  running  the  slice  bar  under  the  clinker  and 
slightly  lifting  it.  This  lifting  will  break  the  clinker  and  allow  the 
air  to  flow  through  the  fuel  bed.  In  lifting  the  clinker  care  should 
be  taken  to  let  as  little  as  possible  of  the  burning  coal  get  under  the 
clinker,  and  to  pull  as  little  clinker  as  possible  to  the  surface  of  the 
fuel  bed.  If  this  should  happen  the  broken  clinker  will  soon  melt 
and  run  down  on  to  the  grate,  forming  a  solid  tight  cover,  so  that 
the  fuel  bed  will  be  in  the  bad  condition  that  follows  the  method  of 
cleaning  last  described.  If  the  clinker  is  carefully  broken  the  fire 
can  be  run  one  or  even  two  hours  with  fair  results  until  cleaning 
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can  be  done.  However,  as  soon  as  part  of  the  load  is  off  the  boiler 
the  fires  should  be  thoroughly  cleaned,  preferably  by  the  side  method. 
In  plants  furnishing  power  for  mills  that  run  during  definite  inter- 
vals, from  morning  to  noon  and  from  noon  to,  say,  5.30  p.  m.,  it 
may  be  found  of  advantage  to  break  the  clinker  about  10.30  a.  in.. 
clean  fires  at  noon,  and  again  break  the  clinker  at  4  p.  m.  Another 
cleaning  is  done  after  the  day's  shift  is  over.  If  the  boilers  arc 
heavily  loaded  this  procedure  may  be  necessary  to  avoid  shutdown-. 

CLEANING    BANKED    FIRES. 

In  plants  where  the  fires  are  banked  overnight  the  aftershift  clean- 
ing should  be  done  early  in  the  morning;  say  two  hours  before 
steam  is  needed.  This  gives  the  clinker  time  to  cool  off  so  that  it 
can  be  easily  removed.  In  order  to  give  the  clinker  near  the  bridge 
wall  a  chance  to  cool  off, 
it  is  advisable  to  bank 
the  fire  on  the  front  part 
of  the  grate  near  one  of 
the  fire  doors,  as  shown  in 
figure  20.  In  the  morn- 
ing the  exposed  cool 
clinker  can  be  pulled  out 
without  the  previous 
handling  of  any  burning 
coal.  After  the  clinker 
is  removed  the  banked 
coal  is  spread  over  the 
cleaned  part  of  the  grate, 
and  whatever  refuse  was 
left  under  the  banked 
coal  is  pulled  out.  With  banked  fires  the  damper  in  the  breeching 
should  be  nearly  but  not  quite  closed. 

EFFECT    OF    SIZE    OF    AIR    SPACES    IX    GRATE    ON    CLEANING    OF    FIRES. 

As  stated  at  the  beginning  of  this  chapter,  if  the  air  spaces  in  the 
grate  are  large  more  of  the  ash  falls  through  and  the  periods  between 
cleanings  are  longer  than  if  the  air  spaces  are  small.  This  important 
fact  should  be  fully  considered  in  selecting  grates  for  a  plant. 

Most  of  the  soft  coals  that  have  a  finely  banded  appearance  have 
coarse  ash,  because  the  ash  is  in  thin  layers  between  thicker  layers 
of  purer  coal.  After  the  coal  has  burned  in  the  furnace  the  layer  of 
ash  that  is  left  sinks  to  the  grate.  If  the  openings  in  the  grate  are 
large  enough  these  pieces  of  ash  fall  through  when  the  fuel  bed  is 
slightly  disturbed,  as  when  fresh  coal  is  thrown  on  during  a  firing,  and 
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Figure  20. — Method  of  banking  fires.  Coal  is  banked  on  the 
right-hand  IroDt  part  of  the  grate.  Clinker  on  the  rest  of  the 
grate  is  exposed  and  can  be  pulled  out  any  time. 
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so  only  the  large  pieces  of  refuse  accumulate  on  the  grate.  There- 
fore, for  most  plants  burning  soft  coal  grates  containing  large  air 
spaces  are  not  only  better  but  are  necessary  for  the  majority  of 
coals,  particularly  those  that  have  a  laminated  or  banded  look.  The 
air  spaces  should  not  be  less  than  one-half  inch  wide,  and  for  some 
coals  should  be  as  wide  as  three-quarters  of  an  inch.  The  percentage 
of  air  space  should  be  as  high  as  possible  without  weakening  the  grate. 
Grates  with  100  per  cent  air  spaces  would  be  the  best,  but  of  course 
such  grates  are  impossible. 

Many  boiler-room  foremen  object  to  large  air  spaces  because  they 
think  too  much  fine  coal  falls  into  the  ash  pit  and  is  wasted.  This 
objection  started  in  regions  where  anthracite  coal  is  burned,  but  is 
not  valid  for  nearly  all  soft  coals.  Anthracite  does  not  cake  and  the 
small  pieces  remain  loose  in  the  furnace.  About  99  per  cent  of  the 
bituminous  coals  cake  or  fuse  into  crust  when  burned  in  a  boiler 
furnace,  particularly  if  they  contain  a  large  proportion  of  slack.  If 
the  firing  is  heavy  this  crust  may  become  so  thick  and  hard  that  it 
has  to  be  broken  before  it  can  be  burned.  Thus  the  slack  and  small 
pieces  of  coal  fuse  into  lumps  before  combustion  is  well  started.  By 
this  fusion  the  slack  or  fine  coal  is  kept  from  sifting  through  the  grate. 
If  the  fuel  bed  is  kept  in  good  condition  and  3  inches  or  more  thick,  the 
fine  coal  fuses  into  cakes  and  burns  long  before  it  reaches  the  grate. 

The  preceding  statements  regarding  air  spaces  in  grates  apply 
only  to  bituminous  coal.  For  lignite  and  the  small  sizes  of  anthracite 
coal  the  air  spaces  may  have  to  be  smaller. 

CLINKERING. 
FUSION    POINT    OF    ASH. 

Clinker  is  fused  ash,  and  any  coal  will  form  clinker  if  the  ash  is 
heated  to  the  melting  temperature.  This  melting  temperature 
depends  on  the  chemical  composition  of  the  ash  and  on  the  conditions 
of  heating.  The  exact  effect  of  each  constituent  oh  the  melting 
point  of  ash  is  not  yet  known,  but  it  is  certain  that  the  nature  of  the 
atmosphere  in  which  the  ash  is  heated  has  a  marked  effect  on  the 
melting  point.  If  ash  be  heated  in  an  oxidizing  atmosphere  (an 
atmosphere  that  supplies  oxygen)  its  melting  point  is  higher  than 
if  the  ash  be  heated  in  a  reducing  atmosphere  (an  atmosphere  that 
removes  oxygen)  such  as  hydrogen  or  carbon  monoxide.  The 
difference  between  the  melting  points  in  an  oxidizing  and  a  reducing 
atmosphere  is  for  some  coals  over  140°  C.  (261°  F).  Table  2  gives 
the  analyses  and  melting  points  of  three  samples  of  ashes. 
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Table  2. — Effect  of  oxidizing  and  reducing  atmosphere  on  the  fusion  point  of  ash. 


Number  of  sample  a 

Silica  (8i0j)>  per  cent 

Iron  oxHe  (Fe^Os),  percent 

Alumina  (AljOg).  ner  cent 

Titanium  oxide  (Ti02),  per  cent 

Lime  (CiO),  per  cent 

Magnesia  (MgO),  per  cent 

Sulphur  trioxide  (SO3),  per  cent 

Potash  (KjO),  percent 

Soda  (Na;0),  percent 

Fusion  temperature  in  oxidizing  atmosphere 

Fusing  temperature  in  reducing  atmosphere. 

Difference,  °F 

Kind  of  coal 


54.76 
6.  85 

29. 23 

1.80 

1.41 

.64 

2.09 
1.87 
I  °F.  2642 
I  °C. 1450 
I  °F.  2509 
L  °C.  1376 
133 
Pocahontas 


42.23 

19.03 

30.55 

1.23 

1.2S 

1.06 

.20 

2.  94 

1.33 

2642 

1450 

2606 

1 130 

36 

Mingo  bed, 

Claiborne 

C  o  u  nty, 

Tenn. 


47.29 

9.84 

34.59 

1.80 

1.24 

.41 

.06 

2.45 

2.13 

2489 

1365 

2395 

1313 

I>4 

Coal  Creek 

- 

derson 

C  0  u  ntv, 

Tenn. 


a  Designation  by  Messrs.  Fieldner  and  Hall. 

The  table  gives  some  results  of  the  study  of  the  fusion  point  of  ash 
by  A.  C.  Fieldner  and  A.  E.  Hall,  chemists  of  the  Bureau  of  Mines. 
Each  of  the  samples  of  ash  in  Table  2  has  a  lower  melting  point  in  a 
reducing  than  in  an  oxidizing  atmosphere.  This  is  true  of  coal  ashes 
in  general,  because  some  of  the  constituents  of  ash,  such  as  suboxide 
of  iron  (Fe03),  are  reduced  to  lower  oxides  that  have  lower  melting 
temperature.     This  fact  is  important  in  the  prevention  of  clinker. 

CAUSES    OF    CLINKER. 

Anything  that  causes  the  ash  to  be  heated  to  its  fusion  temperature 
causes  clinker.  The  most  common  causes  are  thick  fire,  excessive 
stirring  of  fires,  burning  coal  in  the  ash  pit,  much  slack  in  the  coal, 
closed  ash-pit  door,  and  preheating  the  air  admitted  under  the  grate. 
The  ash  of  some  coals  is  so  fusible  that  it  is  difficult  to  burn  the  coals 
without  heating  the  ashes  to  their  fusion  temperature.  However, 
with  most  of  the  coals  mined  in  the  United  States  troublesome 
clinker  can  be  avoided  by  proper  care  of  the  tire. 

EFFECT    OF    THICK    FUEL    BED. 

Thick  fires  perhaps  cause  troublesome  clinker  as  often  as  all  other 
causes  put  together.  Clinker  forms  in  thick  fuel  beds  because  the 
smaller  air  supply  through  the  grate  permits  the  ash  to  become 
heated,  and  because  the  heating  is  partly  done  in  a  reducing  atmos- 
phere of  carbon  monoxide  (CO). 

It  has  already  been  stated  that  a  thick  fuel  bed  offers  more  re- 
sistance than  a  thin  one  to  the  flow  of  gases;  therefore,  less  air  flows 
through  the  thick  fuel  bed.  The  air  flowing  from  the  ash  pit  through 
the  fuel  bed  absorbs  heat  from  the  grate  and  the  ashes  above  it  and 
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thus  keeps  them  cool.  If  by  thickening  the  fire  the  flow  of  air  is 
reduced,  the  grate  and  the  ashes  on  it  are  not  cooled  as  much  and  the 
latter  may  become  heated  to  their  fusion  temperature. 

That  a  thick  fuel  bed  lessens  the  cooling  effect  of  the  air  flowing 
through  the  grate  may  be  made  clearer  by  the  following  illustration: 

Suppose  that  in  two  boilers,  A  and  B,  exactly  similar  in  design 
and  size,  coal  is  burned  at  the  same  rate,  the  total  air  supply  being  17 
pounds  per  pound  of  carbon  in  the  coal,  but  in  boiler  A  the  fuel  bed  is 
5  inches  thick  and  in  boiler  B  10  inches  thick.  The  low  resistance 
of  the  5-inch  fuel  bed  in  A  permits  about  12.2  pounds  of  the  18 
pounds  of  air  used  to  burn  one  pound  of  carbon  to  enter  through  the 
grate,  and  only  4.8  pounds  are  admitted  over  the  fuel  bed.  On  the 
other  hand,  the  high  resistance  of  the  10-inch  fuel  bed  in  B  allows 
only  7.9  pounds  of  air  to  enter  through  the  grate,  so  that  9.1  pounds 
must  be  introduced  over  the  fuel  bed. 

The  compositions  of  the  gases  rising  from  the  fuel  beds  in  the  two 
furnaces  are  about  as  follows:0 

Compositions  of  gases  from  thick  and  thin  fuel  beds. 


Boiler. 

Carbon 
dioxide 
(C0S). 

Oxygen 
(Os). 

Carbon 

monoxide 

(CO). 

Nitrogen 
(N2). 

Pounds  of 
air  per 

pound  of 
carbon. 

Boiler  A 

13.0 
5.0 

3.0 
1.0 

6.0 
22.0 

81 
83 

12.2 

Boiler  B 

7.9 

The  composition  at  the  end  of  the  combustion  space  after  all  of 
the  17  pounds  of  air  has  been  introduced  and  the  combustion  is 
completed  is  about:  C02,  14.0  per  cent;  02,  6.0  per  cent;  CO,  0  per 
cent;  N2,  80  per  cent. 

It  is  easy  to  see  that  the  12.2  pounds  of  air  flowing  through  the 
grate  of  boiler  A  absorb  more  heat  from  the  layer  of  ashes  and  thus 
keeps  them  cooler  than  the  7.9  pounds  of  air  flowing  through  the 
grate  of  boiler  B.  Consequently  the  ashes  in  B  will  become  hotter 
than  the  ashes  in  A,  and  the  danger  of  bad  clinker  will  be  greater. 

The  fusion  temperature  of  the  ash  is  lowered  by  the  reducing 
atmosphere  surrounding  the  upper  layers  of  ashes.  In  a  thick 
fuel  bed  the  ash  becomes  mixed  with  burning  coal  to  a  greater 
height  than  in  a  thin  one,  and  at  the  same  time,  on  account  of  the 
lower  velocity  of  the  gases,  the  reducing  zone  is  nearer  the  grate 
than  in  a  thin  fuel  bed.  In  fact,  in  thin  fires  the  reducing  zone  may  be 
limited  to  the  top  inch  or  two  of  the  fuel  bed,  where  the  bits  of  ash 
are  comparatively  few  and  far  apart,   and  can  not  melt  together 

a  For  a  discussion  of  the  composition  of  the  gases  over  the  fuel  bed  of  a  furnace,  see  Breckenridge,  L.  P., 
Kreisinger,  Henry,  and  Bay,  W.  T.,  Steaming  tests  of  caals  and  related  investigations:  Bull.  23,  Bureau 
of  Mines,  pp.  2N0-292. 
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even  if  they  arc  heated  to  their  fusion  point.  The  distribution  of 
ash  and  the  probable  oxidizing  and  reducing  zones  are  illustrated 
in  figure  21,  A  and  B.  The  reducing  zone  is  marked  by  CO;  the 
oxidizing  zone  is  marked  by  C02  and  02.  The  particles  of  ash  arc 
represented  by  the  elongated  dots.  The  line  between  the  ashes  and 
the  burning  coal  is  more  marked  in  the  thin  fire  than  in  the  thick  one. 

EXAMPLES    OF    CLINKERING   IN    A   THICK    FUEL    BED. 

Two  cases,  from  the  writer's  own  experience,  of  clinker  caused  by 
a  thick  fuel  bed  are  given  below. 

At  a  plant  containing  two  250-horsepower  boilers  complaint  was 
made  of  one  or  two  shutdowns  daily  on  account  of  clinker.     The 


Figttre  21. — A  shows  a  thin  fuel  bed,  one  through  which  the  air  passes  rapidly.  The  oxidizing  zone  is 
indicated  by  COj  and  0;,  the  reducing  zone  by  CO.  The  reducing  zone  is  thin  and  comparatively  free 
from  ash;  the  oxidizing  zone  is  thick  and  contains  most  of  the  ash.  B  shows  a  thick  fuel  bed,  one 
through  which  the  air  passes  slowly.  The  reducing  zone  (CO)  is  very  thick  and  contains  a  compara- 
tively large  proportion  of  ash,  but  the  oxidizing  zone  is  thin. 

writer  who  was  sent  to  investigate  the  cause  of  this  trouble  found 
on  visiting  the  plant,  at  about  9  o'clock  in  the  morning,  that  the 
fires  were  12  to  16  inches  thick,  were  badly  clinkered,  and  the  steam 
pressure  was  slowly  dropping.  The  fireman  stated  that  he  had 
started  his  day  shift  with  a  clean  fire  at  about  5.30  a.  m.,  and  that 
the  clinker  had  accumulated  since  then.  It  was  evident  that  the 
fires  could  not  be  run  until  noon  and  a  shutdown  was  inevitable; 
consequently,  firing  was  stopped  altogether.  The  fires  were  allowed 
to  burn  down  as  much  as  possible  and  then  were  thoroughly  cleaned. 
Cleaning  was  difficult,  as  the  clinker  adhered  to  the  grate,  side  walls 
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and  the  bridge  wall.  It  took  over  an  hour  to  clean  the  two  furnaces. 
After  cleaning,  fires  about  5  inches  thick  were  carried  and  the  steam 
pressure  was  kept  easily  near  the  blowing-off  point  until  9  p.  m. 
without  further  cleaning.  At  this  time  the  fires  were  cleaned. 
The  refuse  found  on  the  grate  consisted  mostly  of  free  pieces  of  ashes 
and  was  easily  removed  with  a  hoe.  No  slice  bar  was  used.  This 
plant  could  run  easily  from  morning  till  evening  without  the  fires 
being  cleaned. 

At  another  small  plant  having  two  horizontal  tubular  boilers  of 
150  horsepower  each,  trouble  from  clinker  was  reported.  A  black 
matter  was  said  to  run  into  the  grate  and  choke  the  air  supply.  On 
visiting  the  plant  the  writer  found  that  the  fireman  carried  a  very 
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Figure  22.— A  very  thick  fire,  causing  a  sticky  clinker.    The  fuel  bed  extends  to  the  firing  door  and 
completely  covers  the  dead  plate.    A  proper  thickness  of  fire  is  shown  by  the  dotted  line. 

heavy  fire,  14  to  18  inches  thick.  The  fuel  bed  extended  to  the  fire 
door,  covering  the  dead  plate  completely  and  nearly  filling  the  firing 
door  opening,  so  that  firing  was  difficult.  The  outline  of  the  fuel 
bed  is  shown  in  figure  22.  The  fire-door  arches  and  lining  were  badly 
burned,  and  the  cast-iron  furnace  front  was  cracked  and  warped  in 
many  places,  from  the  fire  being  kept  inside  of  the  firing  door.  The 
molten  ash  was  running  through  the  grate  as  a  black,  sticky  sub- 
stance, which  hardened  below  the  grate  and  formed  "icicles." 

The  cleaning  of  this  fire  was  difficult  on  account  of  the  clinker  being 
fused  into  the  grate.  After  the  fires  were  cleaned  a  light  fuel  bed 
about  5  inches  was  carried,  and  to  the  surprise  of  the  fireman  the 
load  was  carried  with  one  boiler.    After  carrying  a  light  fuel  bed  as 
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shown  by  the  dotted  line  hi  figure  22  for  six  or  seven  hours  the  fires 
could  be  cleaned  without  the  u^e  of  a  slice  bar.  After  the  change  to 
light  fuel  bed  this  plant  had  no  trouble  from  clinker. 

STIREIXG    THE    FUEL   BED. 

Next  to  too  thick  a  fuel  bed,  too  much  stirring  of  the  fuel  bed  is 
perhaps  the  most  frequent  cause  of  troublesome  clinker,  espcciaUy  if 
the  fire  is  broken  with  a  slice  bar.  Most  soft  coals  will  fuse  in  the 
furnace  into  a  hard  crust  if  fired  in  heavy  charges,  such  as  many  lire- 
men  use.  To  break  this  crust  some  firemen  run  a  slice  bar  under 
the  fuel  bed  and  pry  up  the  crust  by  putting  their  weight  on  the 
handle.  In  this  way  they  lift  into  the  bmning  coal  the  ashes  and 
small  pieces  of  clinker,  which  soon  fuse  into  sticky  clinker.  The  a-h 
fuses  because  of  the  high  temperature  and  the  reducing  gases  in  the 
upper  layer  of  the  fuel  bed.  Even  leveling  the  fuel  bed  with  a  rake 
causes  clinker  if  the  rake  is  handled  carelessly  and  the  ash  is  lifted 
to  the  surface  of  the  fuel  bed. 

BUEXIXG   COAL    IX   THE    ASH   PIT. 

Burning  coal  in  the  ash  pit  is  often  the  cause  of  sticky  clinker. 
Usually,  such  coal  is  shaken  through  the  grate  in  the  leveling  of  very 
thin  fires.  Allowing  holes  hi  the  fuel  bed  to  burn  out  and  attempting 
to  cover  them  with  fresh  fine  coal  is  another  cause  of  burning  coal 
hi  the  ash  pit.  Unless  the  ash  pit  contains  water  a  fire  is  built  there 
hot  enough  to  heat  the  grate  bars  to  a  red  heat  and  to  melt  the  ash 
above  the  grate.  The  molten  ash  runs  into  the  grate  and  by  stopping 
the  air  spaces  shuts  off  the  air  supply,  thus  making  conditions  worse. 
The  grate  bars  ma}*  become  so  heated  that  they  soften  and  gradu- 
ally warp.  Thus  not  only  shutdowns  are  caused  but  the  grate  bars 
are  destroyed  in  the  course  of  a  few  days.  Because  of  the  clinker 
filling  up  the  air  spaces  in  the  grate  the  cleaning  of  such  fires  is  slow 
and  extremely  difficult.  The  clinker  seems  to  corrode  or  combine 
with  the  grate  bars. 

The  following  case,  which  the  writer  investigated,  is  typical  of  very 
bad  clinker  being  caused  by  burning  coal  in  the  ash  pit: 

At  a  plant  having  three  horizontal  tubular  boilers  serious  trouble 
from  clinker  was  reported  and,  as  usual,  the  blame  was  put  on  the 
coal.  When  the  writer  visited  the  plant  he  found  the  fires  in  fairly 
good  condition  except,  perhaps,  that  on  the  rear  of  the  grate  they 
were  too  thin.  There  was,  however,  considerable  burning  coal  in  the 
ash  pit.  The  writer  noticed  that  the  fireman  placed  most  of  the  coal 
on  the  front  part  of  the  grate,  at  times  even  leaving  part  of  the  grate 
in  the  rear  uncovered.  A  few  minutes  after  each  firing  he  took  his 
rake  and  pushed  the  burning  coal  from  the  front  part  of  the  grate 
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to  the  rear,  which  was  partly  bare.  While  the  coal  was  being  pushed 
back  some  of  it  fell  through  the  grate,  so  that  a  hot  fire  was  kept 
burning  under  the  grate,  heating  it  and  causing  the  ash  to  melt  into 
sticky  clinker.     This  condition  is  shown  in  figure  23. 

The  writer  was  shown  a  set  of  grate  bars  from  the  furnace.  These 
grate  bars  were  of  the  herring-bone  type  with  air  space  originally 
about  one-half  inch  wide.  They  showed  signs  of  considerable  over- 
heating; the  middle  of  each  bar  was  sagged  three  to  four  inches. 
Most  of  the  air  spaces  were  filled  with  clinker,  which  seemed  to  be 
combined  with  the  iron  of  the  grate. 

The  writer  instructed  the  fireman  to  pull  the  fire  out  of  the  ash 
pit  and  fill  the  latter  with  water.     Furthermore,  the  fireman  was 
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Figure  23.— Burning  coal  in  ash  pit  causing  clinker.  Coal  is  fired  on  the  front  part  of  the  grate  and  then 
pushed  back  with  a  rake.  Some  coal  falls  through  the  thin  spots  in  the  rear  of  the  grate  and  continues 
to  burn  in  the  ash  pit. 

told  to  place  the  coal  when  firing  where  it  was  needed  and  avoid 
using  the  rake  altogether.  These  measures  were  effective;  the 
clinker  trouble  was  stopped  and  the  loss  of  coal  in  the  ashes  was 
reduced. 

OTHER  CAUSES. 

Coal  containing  much  slack  is  sometimes  an  indirect  cause  of 
clinker.  Slack  coal  tends  to  form  a  hard  crust  at  the  surface  of  the 
fuel  bed,  particularly  if  the  charges  are  heavy.  In  the  breaking  of 
this  crust  the  ash  is  mixed  with  the  hot  burning  coal  and  is  melted. 

Closing  the  ash-pit  door  stops  the  flow  of  cooling  air  through  the 
grate  and  the  ash  on  it,  thus  permitting  the  ash  to  become  heated 
and  to  melt  into  troublesome  clinker. 
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If  the  air  supplied  to  the  ash  pit  is  highly  preheated,  it  will  not,  of 
course,  cool  the  ash  on  the  grate,  and  the  ash  in  consequence  may 
become  heated  and  melt.  At  very  few  boiler  plants  is  the  air  pre- 
heated, so  that  this  cause  of  clinker  is  rare.  However,  in  gas  pro- 
ducers using  economizers  the  preheating  of  the  air  is  a  frequent 
cause  of  trouble  from  clinkers  when  coals  having  ash  of  low  fusion 
temperature  arc  used. 

REMEDIES    FOR    CLINKERING. 

To  prevent  trouble  from  clinker  find  and,  if  possible,  remove  the 
cause  of  clinker.  The  following  are  some  general  suggestions  for 
avoiding  clinker  troubles: 

Use  thin  fires  and  keep  the  fuel  bed  level  by  placing  the  fresh  coal 
on  the  thin  spots.  Avoid  leveling  the  fuel  bed  with  the  rake.  Above 
all,  do  not  disturb  the  fuel  bed  with  a  slice  bar. 

Fire  coal  in  small  charges,  thus  reducing  greatly  the  formation  of 
a  crust  on  the  surface  of  the  fires,  and  the  need  of  breaking  this 
crust.  Be  especially  careful  to  use  small  charges  if  the  coal  contains 
much  slack. 

Avoid  burning  coal  in  ash  pit.  If  the  ash  pit  is  water-tight  keep 
water  in  it,  if  it  is  not  then  blow  steam  under  the  grate.  The  steam 
can  be  taken  from  the  exhaust  of  a  feed  pump  or  from  any  other 
supply  of  waste  steam.  In  passing  through  the  ash  on  the  grate 
and  through  the  fuel  bed,  the  steam  is  superheated  and  then  partly 
decomposed  into  oxygen  and  hydrogen.  The  heating  and  the  de- 
composition of  the  steam  absorb  heat.  It  is  thought  that  this  ab- 
sorption of  heat  keeps  the  temperature  of  the  ash  below  the  melting 
point. 

Keep  the  ash-pit  door  open.  To  regulate  the  draft  use  the  damper 
in  the  breeching. 

If  all  of  the  above  rules  are  observed,  under  ordinary  circum- 
stances and  with  coal  of  average  quality,  there  will  be  no  trouble  from 
clinker.  In  case  clinkering  continues,  relief  can  be  had  by  spread- 
ing a  few  shovelfuls  of  crushed  limestone  over  the  grate  when  starting 
from  a  banked  fire  or  after  cleaning.  The  limestone  should  be 
broken  to  the  size  of  a  walnut. 

The  writer  has  heard  that  on  some  of  the  steamboats  running  along 
the  coast  of  the  South  Atlantic  States  lime  is  used  with  good  results  to 
prevent  clinker.  The  lime  is  kept  in  barrels  in  the  fireroom  ready  for 
immediate  use.  As  soon  as  the  firemen  notice  clinkers  on  the  grate 
they  spread  a  few  shovelfuls  of  the  lime  over  the  fuel  bed  and  it  is 
claimed  that  the  clinker  disintegrates.  The  writer  found  no  satisfactory 
explanation  of  this  action  of  the  lime,  neither  has  he  personally  seen 
the  lime  used  to  prevent  clinker.    He  merely  places  the  information  here 
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for  the  clinker-troubled  coal  consumer  who  may  have  tried  everything 
else  and  failed  to  get  relief. 

BURNING  COAL  CONTAINING  MUCH  SLACK. 

To  fire  bj  hand,  soft  coals  containing  much  slack  is  harder  work  than 
to  fhe  coarse  coal  and  requires  more  care  and  skill  on  the  part  of  the 
fireman.  The  chief  difficulty  in  burning  slack  is  its  tendency  to  cake; 
that  is,  to  fuse  and  form  a  hard,  tight  crust.  Very  little  air  flows 
through  the  fuel  bed  and  little  coal  burns,  except  where  the  crust 
cracks,  so  that  the  air  can  pass.  Under  such  conditions  the  rate  of 
combustion  is  low  and  the  boiler  is  run  below  its  rated  capacity. 
The  heavier  the  firings  the  thicker  is  the  crust  and  the  fewer  are  the 
cracks  where  it  burns.  To  make  the  coal  burn  the  crust  must  be 
broken  so  that  air  will  pass  through  the  fuel  bed. 

This  caking  of  slack  coal,  as  already  stated,  has  a  good  result — 
it  keeps  a  large  part  of  the  fine  coal  from  being  wasted  in  the  ash  pit. 
Slack  coals  that  do  not  cake,  such  as  lignites,  sift  into  the  ash  pit 
whenever  the  fuel  bed  is  disturbed. 

Some  firemen  fire  "slacky"  coal  hi  heavy  charges,  300  to  500 
pounds  at  a  time,  and  break  the  crust  that  forms  by  running  a  slice 
bar  under  the  fuel  bed  and  prying  the  large  masses  of  caked  fuel  to 
pieces.  The  coal  then  burns  rapidly  and  makes  a  very  hot  fire.  The 
firemens'  idea  is  to  fuse  the  fine  coal  into  a  solid  mass  and  then  to 
break  this  mass  into  lumps  of  suitable  size  for  rapid  combustion. 
Thus  they  actually  first  make  the  slack  coal  into  lumps  and  then  burn 
these  in  the  usual  way.  A  slice  bar  must  be  used,  because  the  mass 
of  the  caked  fuel  is  too  large  to  be  broken  with  a  rake.  The  latter  is 
sometimes  used  to  break  the  smaller  pieces  and  to  level  the  fuel  bed 
after  the  large  masses  have  been  broken  with  a  slice  bar.  The  method 
of  firing  a  slacky  coal  just  described  seems  to  work  well  if  the  coal  has 
an  infusible  ash. 

Coals  having  fusible  ash  clinker  badly  with  such  treatment,  and  a 
better  method  of  firing  them  is  to  keep  the  fuel  bed  about  5  mches 
thick  and  fire  small  charges  of  coal  at  frequent  intervals.  The  crust 
that  forms  on  small  charges  is  thin  and  burns  through  in  two  or  three 
minutes.  It  can  be  broken,  if  need  be,  with  the  prongs  of  the  rake. 
It  is  better  to  break  only  the  crust  at  the  surface  of  the  fire  and  not  to 
disturb  the  fuel  near  the  ashes,  so  that  the  ashes  will  not  be  lifted  into 
the  hot  zone  of  the  fire  where  they  may  melt.  To  keep  the  rake  prongs 
from  dragging  up  the  lower  part  of  the  fuel  bed,  the  rake  can  be  partly 
supported  on  the  lower  edge  of  the  fire-door  frame,  as  shown  in  figure  24. 

If  the  firing  is  light,  and  is  skillfully  done,  the  rake  need  not  be  used 
often,  perhaps  only  every  fourth  or  fifth  firing.  If  too  much  free 
ash  accumulates  on  the  grate  a  small  hook  can  be  run  under  the  fuel 


COMBUSTION    OF    COAL. 


47 


bed,  care  being  taken  to  keep  the  hook  always  flat  against  the  grate. 
The  ashes  will  be  shaken  through  the  grate  and  only  a  few  pieces  will 
be  lifted  into  the  hot  zone  of  the  fire.  The  hook  is  of  little  use  if  the 
ashes  have  fused  into  large  pieces  of  clinker. 

A  strong  draft  is  needed  to  burn  slack.  At  plants  where  the  draft 
is  weak  larger  sizes  of  coal  should  be  burned. 

COMBUSTION  OF  COAL. 

Combustion  of  coal  is  a  chemical  process,  in  which  the  combustible 
substance  unites  with  the  oxygen  of  the  air.  The  combustible  part  of 
coal  consists  mainly  of  carbon  (C)  and  hydrogen  (H).  Air  is  a  mixture 
of  gases,  the  two  most  important  being  nitrogen  (N2)  and  oxygen  (02). 
Only  the  oxygen,  which  forms  about  a  fifth  of  the  volume  of  any 


Figuee  24. — A  method  of  breaking  the  crust  at  the  surface  of  the  fuel  bed.    The  rake  is  supported  on  the 
lower  edge  of  the  fire-door  frame  and  the  prongs  of  the  rake  are  dipped  only  into  the  crust. 

given  quantity  of  air,  takes  part  in  the  combustion;  the  nitrogen  is 
inactive. 

PRODUCTS    OF    COMBUSTION. 

Carbon  and  hydrogen  are  not  destroyed  by  burning,  but  are  merely 
changed.  The  carbon  (C)  forms  carbon  dioxide  (C02),  which  is  a 
colorless  gas  like  the  air,  and  the  hydrogen  (H)  forms  water  vapor 
(H20),  which  is  also  an  invisible  gas.  The  weight  of  carbon  in  the 
carbon  dioxide  formed  by  burning  coal  is  exactly  equal  to  the  weight 
of  carbon  in  the  coal  burned;  also,  the  weight  of  hydrogen  in  the 
water  vapor  is  exactly  equal  to  the  weight  of  the  hydrogen  in  the 
coal.  The  fact  that  carbon  dioxide  and  water  vapor  are  invisible 
has  made  people  think  that  combustion  is  complete  destruction. 
The  coal  and  wood  disappear  as  they  burn  and  the  resulting  gases, 
the  invisible  products  of  combustion,  pass  away  unnoticed. 
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If  the  products  of  combustion  of  our  common  fuels  were  solids  o 
liquids,  combustion  would  be  much  easier  to  understand..  An 
example  of  a  substance  that  yields  a  solid  compound  on  burning  is 
magnesium.  The  product  of  combustion  is  magnesium  oxide  (MgO), 
which  is  left  as  a  white  powder.  Twenty-four  pounds  of  magnesium 
burns  completely  with  16  pounds  of  oxygen  to  form  40  pounds  of 
magnesium  oxide. 

Magnesium  burns  with  a  very  bright  white  flame,  and  for  this 
reason  is  used  for  flash  lights  in  photography.  In  a  flash-light  car- 
tridge the  magnesium  is  mixed  with  another  substance,  potassium 
chlorate,  that  furnishes  the  oxygen  needed  in  the  combustion. 
When  such  a  cartridge  is  lighted  the  magnesium  burns  with  explosive 
rapidity,  and  the  white  smoke  which  fills  the  room  after  a  flash  is  the 
fine  powder  of  magnesium  oxide  blown  up  by  the  force  of  the  explo- 
sion. Magnesium  oxide  is  used  for  pipe  covering  and  is  known  as 
magnesia. 

The  rusting  of  iron  is  a  process  similar  to  combustion.  The  iron 
combines  with  the  oxygen  of  air  and  forms  iron  oxide,  the  reddish 
substance  commonly  known  as  rust.  The  rust  weighs  more  than 
the  iron  that  changed  to  rust,  because  the  weight  of  the  rust  is  equal 
to  the  weight  of  the  iron  plus  the  weight  of  the  oxygen  that  com- 
bined with  the  iron.  Rusting  is  such  a  slow  process  that  the  heat 
developed  is  dissipated  as  fast  as  generated,  and  no  temperature 
rise  is  noticed. 

When  carbon  burns  completely,  12  pounds  of  carbon  unite  with 
32  pounds  of  oxygen  to  form  44  pounds  of  carbon  dioxide,  which  is 
an  invisible  gas.  Carbon  dioxide  is  the  gas  used  to  charge  soda 
water  and  "soft  drinks." 

When  hydrogen  burns  completely,  2  pounds  of  hydrogen  combine 
with  16  pounds  of  oxygen  to  form  18  pounds  of  water  vapor  (H20). 
This  vapor  can  be  condensed  and  weighed. 

RATE   OF   AIR   SUPPLY. 

As  the  oxygen  of  the  air  is  mixed  with  four  times  its  weight  of  nitro- 
gen (5  pounds  of  air  containing  only  1  pound  of  oxygen)  to  burn  12 
pounds  of  carbon  completely,  requires  5  times  32,  or  160  pounds,  of 
air.  Similarly,  to  burn  2  pounds  of  hydrogen  takes  5  times  16  pounds 
of  air.  In  reality,  for  the  complete  combustion  of  the  carbon  and 
hydrogen  in  coal  somewhat  more  air  must  be  supplied  than  these 
figures  show  is  necessary.  Good  results  are  obtained  with  50  to  75 
per  cent  excess  of  air. 

As  has  been  stated  the  combustible  of  coal  consists  mainly  of  car- 
bon and  hydrogen,  about  95  per  cent  being  carbon  and  about  5  per 
cent  being  hydrogen.     One  pound  of  this  combustible  requires  about 
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3  pounds  of  oxygen  for  complete  combustion.  So,  since  only  about 
one-fifth  of  the  air  is  oxygen,  five  times  three,  or  15,  pounds  of  air  is 
required  to  burn  completely  1  pound  of  the  combustible  of  coal.  If 
1  pound  of  the  combustible  be  burned  completely  with  15  pounds  of 
air  all  the  free  oxygen  (02)  of  the  air  is  used,  and  the  gaseous  products 
of  combustion  consist,  by  volume,  of  about  81  per  cent  of  nitrogen 
(N2),  and.  about  19  per  cent  of  carbon  dioxide  (C02).  The  water 
vapor  from  the  burning  hydrogen  condenses  and  can  not  be  measured 
by  ordinary  gas  analysis. 

If  30  pounds  of  air  is  supplied  to  burn  1  pound  of  combustible, 
only  one-half  of  the  oxygen  is  used  in  the  combustion,  and  the  gaseous 
products  of  combustion  consist  of  about  81  per  cent  of  nitrogen  (N2), 
9  per  cent  of  carbon  dioxide  (C02),  and  10  per  cent  of  free  oxj^gen  (02). 

In  case  45  pounds  of  air  were  used  in  burning  completely  1  pound 
of  combustible,  analysis  of  the  gaseous  products  of  combustion  would 
show  about  81  per  cent  of  nitrogen,  6  per  cent  of  carbon  dioxide,  and 
13  per  cent  of  free  oxygen.  That  is,  only  about  one-third  of  the 
oxygen  supplied  would  combine  with  the  carbon  in  the  process  of 
combustion,  the  other  two-thirds  would  pass  in  a  free  state  through 
the  furnace  and  up  the  stack.  As  some  of  the  oxygen  is  used  in 
burning  the  hydrogen  the  oxygen  represented  by  the  percentage  of 
carbon  dioxide  is  somewhat  less  than  one-half  or  one-third  of  the 
oxygen  supplied. 

Thus  by  analyzing  the  products  of  combustion  (the  furnace  gases) 
for  carbon  dioxide  (C02)  and  free  oxygen  (02)  it  is  possible  to  deter- 
mine the  excess  of  air  that  is  supplied  to  the  furnace.  The  method 
used  is  comparatively  simple  and  is  employed  frequently. 

Commercial  coal  contains  on  the  average  85  to  90  per  cent  of  com- 
bustible, so  that  the  weight  of  air  needed  for  the  combustion  of  1 
pound  of  coal  is  less  than  that  needed  to  burn  1  pound  of  combustible. 
In  boiler  furnaces  it  is  considered  good  practice  to  use  16  to  20  pounds 
of  air  to  burn  1  pound  of  coal;  or,  for  every  pound  of  coal  that  is 
burned  208  to  260  cubic  feet  of  air  are  admitted  to  the  furnace.  These 
figures  show  the  need  of  free  passage  of  air  through  the  burning  coal. 

GENERATION    OF   HEAT. 

Combustion  produces  heat.  When  a  pound  of  carbon  combines  with 
oxygen  and  is  completely  burned  to  carbon  dioxide  (C02)  the  amount 
of  heat  produced  is  14,500  heat  units,  called  British  thermal  units 
(B.  t.  u.).  If  not  enough  air  is  supplied  the  carbon  burns  to  carbon 
monoxide  (CO)  and  the  amount  of  heat  generated  is  only  4,500  heat 
units  per  pound  of  carbon  thus  burned.  Carbon  monoxide  may  be 
regarded  as  half-burned  carbon.  To  burn  12  pounds  of  carbon  to 
44554°— 1 3 4 
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carbon  monoxide  (CO)  takes  16  pounds  of  oxygen  whereas  to  burn 
12  pounds  of  carbon  to  carbon  dioxide  requires  32  pounds  of  oxygen. 
The  burning  of  1  pound  of  hydrogen  to  water  vapor  generates  about 
62,000  heat  units. 

The  carbon  dioxide  gas  from  the  combustion  of  carbon  in  a  boiler 
furnace  passes  through  the  chimney  into  the  atmosphere  where  it  dif- 
fuses, its  diffusion  being  aided  by  the  wind  and  by  other  air  currents. 
Although  many  chimneys  are  discharging  carbon  dioxide,  the  per- 
centage in  the  atmosphere  is  very  small,  so  that  it  is  scarcely  measur- 
able. Being  heavier  than  air  its  tendency  is  to  stay  near  the  earth's 
surface,  and  to  gather  in  low  places. 

All  growing  plants  from  the  largest  tree  to  the  smallest  blade  of 
grass  take  up  carbon  dioxide,  separate  the  oxygen  from  the  carbon, 
give  back  the  oxygen  to  the  atmosphere,  and  retain  the  carbon  as  a 
necessary  constituent  of  their  substance.  A  large  part  of  the  solid 
matter  of  most  plants  is  carbon ;  the  plants  obtain  all  of  it  from  the  car- 
bon dioxide  in  the  atmosphere,  and  none  of  it  from  the  soil  through 
their  roots,  and  plant  growth  is  nothing  but  a  process  of  extracting 
and  storing  in  different  form  the  carbon  of  the  carbon  dioxide  in  the 
atmosphere.  This  separation  of  carbon  from  its  union  with  oxygen  in 
the  carbon  dioxide  of  the  air  is  a  heat-absorbing  process.  To  free  1 
pound  of  the  carbon  present  in  carbon  dioxide  takes  14,500  heat  units 
or  its  equivalent  of  radiant  energy.  This  heat  or  energy  is  supplied 
by  the  sun,  and  thus  plants  store  the  energy  of  the  sun  by  separating 
carbon  from  its  union  with  carbon  dioxide,  and  incorporating  this 
carbon  in  their  bodies.  If  the  sun  did  not  supply  the  heat  the  plants 
would  not  grow  because  they  could  not  obtain  the  energy  necessary 
to  decompose  the  carbon  dioxide  of  the  atmosphere. 

Thus  the  carbon  of  coal  and  wood  travels  in  a  circle.  It  is  changed 
by  combustion  into  carbon  dioxide,  the  plants  take  the  carbon  from 
this  carbon  dioxide  and  fix  it  as  part  of  their  substance,  and  the 
plant  substance  may  be  gradually  changed  into  coal  and  then  bo 
mined  and  burned,  or  may  be  burned  as  wood.  Therefore,  the  burn- 
ing of  wood  or  coal  is  not  a  destruction  of  the  contained  carbon  and 
hydrogen,  but  merely  a  change  in  the  form.  The  same  carbon  may 
be  changed  many  times  from  plant  substance  to  carbon  dioxide  and 
to  plant  substance  again. 

IGNITION   TEMPERATURE. 

Any  combustible  material,  such  as  coal  in  a  bin  or  the  wood  in  a 
pile,  may  be  in  contact  with  the  oxygen  of  air  and  yet  not  burn. 
Evidently  something  more  than  contact  is  necessary  to  make  oxygen 
unite  with  the  combustible  material.  If,  for  instance,  a  small  heap 
of  dry  wooden  shavings  is  placed  against  a  cord  of  wood  and  lighted 
with  a  match,  the  heat  from  the  combustion  of  the  shavings  sets  the 
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cord  of  wood  afire,  and  there  is  a  rapid  union  of  the  combustible  of 
the  wood  and  the  oxygen  of  air.  Coal  thrown  on  the  burning  pile  of 
wood  will  also  burn.  Evidently  the  wood  and  the  coal  in  order  to 
burn  must  be  heated  to  a  certain  temperature.  The  heat  of  the  burn- 
ing match  sets  the  shavings  afire,  but  not  the  large  pieces  of  wood, 
and  the  heat  of  the  burning  shavings,  though  sufficient  to  set  the  large 
pieces  of  wood  afire,  does  not  raise  the  temperature  of  the  coal  high 
enough  for  the  coal  to  burn.  The  temperatures  at  or  above  which 
different  substances  continue  to  burn  when  in  contact  with  atmos- 
pheric oxygen  are  called  ignition  temperatures. 

For  a  substance  to  bum  two  things  are  necessary:  (1)  The  sub- 
stance must  be  in  contact  with  free  oxygen;  (2)  while  thus  in  contact 
the  substance  must  be  at  least  as  hot  as  its  ignition  temperature. 

COMBUSTION    OF    BITUMINOUS    COAL    IN    BOILER    FURNACES. 

DISTILLATION"    AND    BURNING    OE   THE    VOLATILE    MATTER. 

When  a  charge  of  fresh  bituminous  coal  is  spread  over  the  fuel  bed 
in  a  furnace  the  coal  is  heated  to  about  2,400°  F.  in  one  to  two  minutes. 
This  heating  distils  from  the  coal  the  combustible  volatile  matter 
which  consists  of  carbon-hydrogen  compounds,  free  hydrogen,  and 
carbon  monoxide — the  last  named  being  incompletely  oxidized  or 
burned  carbon.  Distillation  occurs  whether  any  air  is  supplied  to 
the  furnace  or  not,  but  to  burn  this  volatile  matter  completely  air 
must  be  supplied  through  the  firing  door  or  other  special  openings. 
Also,  for  rapid  and  complete  combustion,  the  additional  air  must  be 
intimately  mixed  with  the  volatile  matter  and  the  mixture  kept 
above  the  ignition  temperature,  which  is  about  1,200°  F.,  or  a  dark 
red  heat.  With  good  mixing  the  free  hydrogen  and  the  carbon  mon- 
oxide burn  very  rapidly,  but  the  carbon-hydrogen  compounds,  par- 
ticularly the  heavy  ones,  burn  more  slowly  because  they  contain 
more  combustible  substance. 

Different  kinds  of  soft  coal  give  off  different  amounts  of  volatile 
combustible  on  being  heated,  the  proportion  varying  from  15  per  cent 
in  the  Pocahontas  type  of  coal  to  45  per  cent  in  the  Illinois  type  of  coal. 
The  volatile  matter  is  mixed  with  air  and  burned  in  the  space  between 
the  boiler  and  the  fuel  bed.  The  larger  the  proportion  of  volatile 
matter  distilled  the  larger  must  this  space  be.  Therefore,  for  burning 
cotds  with  a  high  percentage  of  volatile  matter  furnaces  with  large 
combustion  space  are  needed;  also  high  rates  of  combustion  require 
larger  combustion  space  than  low  rates. 

COMBUSTION    OF   THE    COKE. 

The  residue  left  on  the  grate  after  the  distillation  is  ended  is  the 
so-called  fixed  carbon.  It  is  mostly  in  the  form  of  coke  and  is  the 
chief  constituent  of  the  fuel  bed.     This  coke  burns  completely  or 
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partly  by  coming  into  contact  with  the  air,  supplied  through  the  grate. 
The  more  rapidly  air  is  thus  supplied  the  faster  the  coke  burns,  there- 
fore, for  a  high  rate  of  combustion  a  large  quantity  of  air  must  be 
passed  through  the  fuel  bed.  Reducing  or  shutting  off  the  air  supply 
through  the  grate  by  carrying  a  Yery  thick  fuel  bed,  or  allowing  a  solid 
layer  of  clinker  to  accumulate  on  the  grate,  greatly  hinders  and  may 
stop  the  combustion  of  the  coke ;  then  if  the  firing  be  continued  only 
the  volatile  matter  is  distilled,  and  may  be  burned,  while  the  coke 
rapidly  accumulates  in  a  heap. 

Such  accumulation  of  coke  on  the  grate  should  not  be  permitted. 
If  the  fireman  sees  that  his  fire  thickens  he  should  reduce  the  amount 
of  coal  fired  or  increase  the  flow  of  air  through  the  grate.  He  can 
increase  the  flow  of  air  by  opening  wider  the  damper  in  the  breeching, 
or,  if  the  damper  is  already  wide  open,  by  lessening  the  resistance  of 
the  fuel  bed  by  freeing  it  of  clinker  and  thinning  the  fire. 

ZONES    OP   THE    FUEL    BED. 

Investigation  of  the  combustion  of  coal  on  the  grate  seems  to  indi- 
cate that  in  the  lower  layers,  3  or  4  inches  thick,  of  the  fuel  bed  the 
carbon  burns  to  carbon  dioxide,  some  of  which,  in  passing  through  the 
upper  lasers  of  hot  coke,  is  reduced  by  contact  with  the  coke  to  car- 
bon monoxide.  This  carbon  monoxide  leaving  the  top  of  the  fuel  bed 
and  the  volatile  combustible  which  is  distilled  from  the  freshly  fired 
coal  must  have  additional  air  in  order  to  burn  completely.  The 
burning  of  coal  in  a  boiler  furnace  is  illustrated  by  figure  25. 

In  this  figure  the  fuel  bed  consists  of  three  zones,  layers,  or  regions. 
The  zone  or  layer  lying  on  and  just  above  the  grate  is  mostly  ash  and 
the  oxygen  of  the  air  passes  through  it  unchanged.  Above  the  laj-er 
of  ash  is  the  second  zone  or  region.  This  is  the  oxidizing  zone  in 
which  the  oxygen  combines  with  the  carbon  and  forms  carbon  dioxide 
(C02).  The  third  zone  or  layer  near  the  top  of  the  fuel  bed  is  the 
reducing  zone,  in  which  some  of  the  carbon  dioxide  (C02)  is  re- 
duced to  carbon  monoxide  (CO)  by  contact  with  hot  carbon.  This 
carbon  monoxide  after  leaving  the  fuel  bed  mixes  with  the  oxygen 
supplied  through  the  firing  door  and  burns  in  the  combustion  space  to 
carbon  dioxide.  The  rapidity  with  which  carbon  monoxide  burns 
depends  on  the  amount  of  oxygen  supplied  and  on  the  rate  of  mixing.0 

These  three  zones  are  not  sharply  separated,  although  they  are  so 
shown  in  figure  25,  but  gradually  shade  into  one  another.  Some  car- 
bon monoxide  is  formed  in  the  oxidizing  zone,  and  some  carbon 
dioxide  in  the  reducing  zone. 

a  For  a  more  complete  discussion  of  the  process  of  combustion,  see  Breckenridge,  L.  P.,  Krcisinger, 
Henry,  and  Kay,  W.  T.,  Steaming  tests  of  coal  an  1  related  investigations:  Bull.  23,  Bureau  of  Mines, 
1912,  pp.  2S0,  330. 
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BURNING    SMOKY   COAL    WITHOUT    SMOKE    IN   A   HAND-FIRED 

FURNACE. 

The  burning  of  smoky  coal  in  hand-fired  furnaces  has  been  dis- 
cussed in  detail  in  other  reports  of  the  bureau  a  and  only  the  most 
important  features  are  considered  here. 

Visible  smoke  consists  chiefly  of  very  small  particles  of  carbon  in 
the  form  of  soot  and  a  small  proportion  of  tar  vapors.  When  seen 
through  a  strong  microscope  the  tiny  pieces  of  soot  seem  to  be  clusters 
of  still  smaller  particles  of  carbon,  which  are,  in  fact,  only  about 


Boiler 


Figure  25. — Combustion  of  coal  in  a  hand-fired  boiler  furnace.  The  free  oxygen  of  the  air  (O2)  passes 
through  the  grate  and  the  ash  above  it  and  burns  the  carbon  in  the  lowest  3  or  4  inches  of  the  fuel  bed, 
forming  CO2.  This  layer,  the  oxidizing  zone,  is  indicated  by  the  symbols  C02 and  02.  Some  of  the  car- 
bon dioxide  (CO2)  of  the  oxidizing  zone  is  reduced  to  carbon  monoxide  in  the  upper  layer  of  the  fuel  bed, 
thereducing  zone,  indicated  by  the  symbols  CO2 and  CO.  The  gases  leaving  the  fuel  lied  are  main) 
bon  monoxide  (CO),  carbon  dioxide  (CO2).  and  nitrogen  (Ng);  the  mixture  contains  very  little  free 
oxygen.  Free  oxygen  (O2)  is  admitted  through  the  firing  door  to  burn  the  carbon  monoxide  (CO)  and 
also  the  volatile  combustible  distilled  from  the  freshly  fired  coal. 

2  one-millionth  parts  of  an  inch  in  diameter.  It  is  on  account  of  this 
small  size  that  the  carbon  in  this  form  is  so  easily  carried  with  even 
the  slowest  gas  stream.  If  some  of  the  finely  subdivided  soot  is 
placed  in  a  liquid  between  two  glass  slides  and  examined  with  a  strong 
microscope  the  smaller  clusters  appear  to  be  in  rapid,  jerky  motion  in 
zigzag  directions.  This  jerky  motion  is  shown  by  very  fine  particles 
of  many  substances,  but  its  cause  is  not  easily  explained. 

A  large  proportion  of  the  soot  seems  to  form  just  at  the  surface  of 
the  fuel  bed,  and  these  soot  particles,  heated  till  they  glow,  make  the 
flames  in  the  furnace  luminous.     In  other  words,  the  luminous  flames 

a  Randall,  D.  T.,  and  Weeks,  H.  W.,  The  smokeless  combustion  of  coal  in  boiler  furnaces:  Bull.  40,  Bu- 
reau of  Mines,  1912,  188  pp.;  Flagg,  S.  B.,  Smoke  abatement  and  city  smoke  ordinances,  Bull.  49,  Bureau 
of  Mines,  1913,  57  pp. 
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over  the  fuel  bed  are  nothing  else  than  streams  of  gas  carrying  glow- 
ing particles  of  carbon. 

CAUSE    OF    SMOKE. 

Although  these  particles  of  carbon  are  heated  to  2,500°  to  3,000° 
F.,  ordinarily  they  burn  very  slowly  if  the  air  supply  is  insufficient  or 
if  they  are  not  intimately  mixed  with  the  free  ox}Tgen  of  the  air. 
Luminous  flame  is  not  carbon  in  the  process  of  combustion,  but 
particles  of  solid  carbon  heated  to  a  high  temperature  and  ready  to 
burn  if  oxygen  is  supplied.  Usually  there  is  plenty  of  oxygen  in  the 
furnace,  but  it  is  supplied  in  large  streams  which  tend  to  flow  through 
the  combustion  space  parallel  with  the  stream  of  combustible  or 
other  gas  carrying  the  particles  of  carbon.  Thus  the  oxygen  may  not 
come  in  contact  with  the  particles  of  carbon  and  they  leave  the 
furnace  and  the  boiler  setting  as  visible  smoke.  This  carbon  would 
burn  if  it  were  intimately  mixed  with  air. 

The  importance  of  an  intimate  mixing  of  the  carbon  with  the 
oxygen  in  the  process  of  combustion  can  be  shown  by  an  experiment 
in  which  oxygen  is  supplied  highly  concentrated  in  a  solid  form.  If 
the  soot  is  mixed  with  potassium  chlorate  crystals,  one-sixteenth  to 
one  thirty-second  of  an  inch  in  diameter,  and  the  mixture  is  thrown 
on  a  porcelain  dish  heated  to  about  850°  F.,  there  is  no  evidence  of 
combustion.  The  potassium  chlorate  melts  and  the  soot  gradually 
disappears,  indicating  a  very  slow  oxidation.  If,  however,  the 
crystals  of  the  chemical  are  finely  powdered  and  intimately  mixed 
with  the  soot,  the  mixture,  when  thrown  on  the  heated  porcelain 
dish,  burns  completely  with  a  quick  bright  flash.  The  temperature 
of  the  dish  (850°  F.)  is  far  below  that  ordinarily  found  in  a  boiler 
furnace,  so  that  evidently  it  is  the  intimate  mixing  which  makes  the 
combustion  rapid  and  complete. 

A  gasoline  engine  gives  another  illustration.  In  the  cylinder  of  a 
gas  engine  an  intimate  mixture  of  gasoline  vapor  and  air  in  the  right 
proportions  burns  completely  with  an  explosion  in  spite  of  the  walls 
of  the  cylinder  being  water-cooled.  If  the  same  amount  of  gasoline 
were  injected  in  a  stream  into  the  same  amount  of  air  the  gasoline 
would  burn  slowly  with  smoke. 

Evidently,  therefore,  visible  smoke  is  much  more  often  caused  by 
lack  of  adequate  mixing  than  by  low  temperatures. 

The  tars  constitute  about  3  to  15  per  cent  by  weight  of  the  visible 
smoke.  They  are  in  the  liquid  or  semiliquid  form,  either  as  small 
globules  or  filling  the  spaces  between  the  tiny  particles  of  carbon 
which  they  seem  holding  together  in  clusters.  The  tar  can  be  sepa- 
rated from  the  carbon  particles  by  treatment  with  benzol.  In  the 
furnace  the  tar  exists  as  heavy  gases,  but  in  passing  through  the 
boiler  these  cool  and  condense. 
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Both  the  soot  and  the  tar  come  from  the  volatile  matter  of  coal. 
They  seem  to  be  formed  mostly  in  the  layer  of  freshly  fired  coal  at 
the  surface  of  the  fuel  bed .  They  pass  through  the  boiler  furnace  with- 
outburning  because  they  do  not  mix  intimately  with  free  oxygen. 

SM<  >Ki:    PREVENTION. 

Visible  smoke  from  a  hand-fired  furnace  can  be  abated  by  effecting 
complete  combustion  in  the  furnace  of  the  floating  particles  of  carbon 
and  tar.  The  conditions  necessary  for  complete  combustion  are  as 
follows : 

1.  Sufficient  air  supply,  which  is  somewhat  more  than  the  amount 
necessary  for  complete  oxidation  of  all  combustible  matter. 

2.  Intimate  mixing  of  the  air  with  the  combustible  gases  and  the 
floating  particles  of  carbon  and  tar. 

3.  Maint aining  a  temperature  high  enough  for  the  ignition  of  the 
combustible  while  the  combustible  is  mixing  with  the  air. 


AIR    ADMISSION'. 


If  the  fire  is  level  very  little  free  oxygen  passes  through  the  fuel 
bed,  although  the  latter  may  be  only  4  inches  thick.  With  a  thicker 
fuel  bed  the  chances  of  free  oxygen  getting  through  the  fuel  are  still 
less.  Therefore,  air  must  be  admitted  over  the  fuel  bed  in  quantities 
sufficient  to  burn  the  combustible  gases  and  the  small  particles  of 
carbon  hi  the  combustion  space.  This  additional  air  is  most  com- 
monly admitted  through  the  openings  in  the  firing  door,  but  at  some 
plants  is  admitted  through  special  openings  either  above  the  fire  doors 
or  in  the  dead  plate.  At  still  other  plants  the  air  is  admitted  through 
the  bridge  wall,  and  at  a  few  plains  a  combination  of  any  two- or  all 
three  methods  of  admitting  air  is  used.  In  general,  the  best  method 
of  admitting  air  is  the  one  that  affords  the  best  mixing  of  the  air  with 
the  combustible  rising  from  the  fuel  bed. 

As  at  most  plants  the  admission  of  air  over  the  fuel  bed  remains 
nearly  constant  all  the  time,  the  combustible  matter  distilled  from 
the  fuel  bed  should  be  nearly  constant  in  quantity  and  quality. 
This  may  be  closely  approximated  by  small  and  frequent  firings, 
as  already  stated  (see  fig.  8,  p.  19). 

MIXING    OF    VOLATILE    COMBUSTIBLE    AXD    AIR. 

Intimate  mixing  of  the  combustible  matter  with  the  air  does  not 
take  place  in  most  hand-fired  furnaces,  and  this  lack  is  perhaps  the 
chief  cause  of  smoky  chimneys.  In  the  most  common  furnace  design, 
where  the  additional  air  is  admitted  tlirough  the  openings  in  the  fire 
doors,  no  mixing  occurs  except  by  the  natural  diffusion  of  the  gases. 
As  the  air  and  the  combustible  gas  carrying  the  particles  of  carbon 
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(soot)  in  suspension  tend  to  flowin  separate  streams,  combustion  takes 
place  only  where  the  two  streams  are  in  contact.  This  condition  is 
shown,  somewhat  exaggerated,  in  figure  26.  The  combustible  gas 
coming  from  the  fuel  bed  flows  along  the  lower  part  of  the  combustion 
space,  while  the  air  admitted  through  the  fire  door  flows  as  a  separate 
stream  through  the  upper  part.  As  the  mixing  of  the  two  streams  is 
very  slow,  the  combustible  matter  burns  slowly,  and  some  of  it 
escapes  unburned,  particularly  if  the  combustion  space  is  small. 
In  Technical  Paper  63  a  of  the  Bureau  of  Mines  are  described  experi- 
ments dealing  with  the  combustion  of  coal. 
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Figure  26.— Tendency  of  the  air  admitted  through  the  fire  door  and  the  combustible  gases  rising  from 
the  fuel  bed  to  flow  in  parallel  streams  without  mixing.  Combustion  is  shown  as  taking  place  only 
where  the  two  streams  are  in  contact. 

The  same  condition  exists  if  the  additional  air  is  admitted  through 
special  openings  in  the  dead  plate  or  in  the  front  wall  above  the 
firing  door.  If,  however,  some  additional  air  is  admitted  through  the 
bridge  wall  the  combustible  gas  flows  between  two  streams  of  air 
so  that  the  mixing  is  better,  and  the  mixing  is  still  better  if  the  air 
entering  through  the  bridge  wall  is  forced  under  pressure  through  a 
number  of  small  openings.  The  effect  of  such  an  arrangement  on 
the  mixing  is  somewhat  like  that  shown  in  figure  27. 

At  some  plants  mixing  is  obtained  by  special  fire-brick  structures 
in  the  combustion  space,  such  as  piers  on  the  bridge  wall  or  in  the 
space  beyond  the  bridge  wall,  deflecting  arches  and  wing  walls. 
These  structures  are  described  and  discussed  more  fully  in  Bulletins 


a  Clement,  J.  K.,  Frazer,  J.  C.  W.,  and  Augustine,  C.  E.,  Factors  governing  the  combustion  of  coal  in 
boiler  furnaces,  a  preliminary  report:  Tech.  Paper  63,  Bureau  of  Mines,  1914,    44  pp. 
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23  a  and  40. b     The  chief  objection  to  them  ?cems  to  bo  their  lack  of 
durability. 

Another  method  of  mixing  gases  and  air  is  by  steam  jets,  which 
are  usually  placed  in  the  front  wall  above  the  firing  doors.  The 
streams  of  steam  cause  a  whirling  motion  over  the  fuel  bed  and  tend 
to  mix  the  air  entering  through  the  fire  door  with  the  volatile  com- 
bustible. The  best  results  seem  to  be  obtained  when  the  air  is 
admitted  through  small  openings  around  the  steam  jets  instead  of 
through  the  firing  door,  for  then  the  steam  jets  act  as  injectors, 
forcing  streams  of  air  at  high  velocity  into  the  combustion  space  and 
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Figure  27.— Admission  of  additional  air  through  firing  door  and  bridge  wall  and  its  effect  on  the  mixing 
and  burning  of  volatile  combustible.  The  stream  of  combustible  gases  and  soot  is  between  two 
streams  of  air. 

making  the  air  and  the  volatile  combustible  mix  intimately.  The 
steam  openings  in  the  nozzles  should  be  small  and  many  and  should 
be  carefully  made  so  as  to  utilize  the  expansion  of  the  steam  in  pro- 
ducing high  velocity.  If  the  nozzles  are  carefully  designed  the  steam 
consumption  can  be  reduced  to  a  very  small  percentage  of  the  total 
-team  made  in  the  boiler.  The  fireman  should  remember  that  it  is 
not  quantity  of  steam  but  high-velocity  streams  of  air  that  are 
wanted  in  the  furnace.     Steam  does  not  support  combustion. 

Combustion  space  in  the  furnace  has  value  only  as  far  as  it  effects 
mixing.  Under  similar  conditions,  a  large  combustion  space  affords 
a  better  chance  for  mixing  than  a  small  one. 

a  Breckenridpe,  L.  P.,  Kreisinger,  Henry,  and  Ray,  W.  T.,  Steaming  tests  of  coals  and  related  inves- 
tigations: Bull.  2.3,  Bureau  of  Mines,  1912,  370  pp. 

i>  Randall,  D.  T.,  and  Weeks,  U.  W.,  The  smokeless  combustion  of  coal  in  boiler  furnaces:  Bull.  40, 
Bureau  of  Mines,  1912,  188  pp. 
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The  following  quotation  from  a  Government  report  a  on  steaming 
tests  made  at  St.  Louis,  points  out  how  the  efficiency  of  a  boiler 
furnace  can  be  improved. 

By  a  small  combustion  chamber  is  meant  a  chamber  in  which  either  the  time  spent 
by  the  gas  in  traveling  from  the  front  to  the  rear  of  the  boiler  is  short,  or  the  mixing 
devices  are  insufficient  or  absent.  In  the  discussion  of  mass  action  it  was  stated  that 
more  length  of  combustion  chamber  counts  for  little — that  mixing  is  what  counts — 
and  thus  there  is  a  possibility  of  enormously  increasing  the  efficiency  of  a  combustion 
chamber  as  a  burner  of  volatile  matter.  Effort  in  completing  a  steam  generating 
outfit  of  small  dimensions  must  be  largely  concerned  with  the  construction  of  a  com- 
bustion chamber  containing  many  gas-mixing  appliances. 

MAINTAINING    IGNITION    TEMPERATURES. 

The  combustible  gases,  and  particularly  the  small  particles  of 
carbon,  must  be  kept  above  their  ignition  temperature  until  they  aro 
mixed  with  sufficient  quantity  of  air  and  burned.  Cooling  before  the 
mixing  is  completed  causes  the  particles  of  carbon  to  pass  out  through 
the  chimney  as  black  smoke,  and  some  of  tho  combustible  gases  to 
condenso  into  tar  globulos  and  thus  add  to  tho  density  of  tho  smoke. 
The  light  gases,  although  not  visible,  may  constitute  a  large  heat  loss. 

In  most  boiler  furnaces  the  temperature  is  considerably  above  the 
ignition  point  of  the  combustible  volatile  matter.  Smoke  is  usually 
caused  by  a  lack  of  mixing,  which  permits  tho  air  and  the  combustible 
matter  to  pass  through  tho  furnace  in  stratified  streams. 

In  boiler  furnaces  where  a  large  part  of  the  boiler's  heating  surface 
is  exposed  to  the  fire  the  burning  gases  or  particles  of  soot  that  come 
in  contact  with  the  surface  may  bo  cooled  below  their  ignition  tem- 
peratures and  escape  unburned  or  settle  on  the  surface.  This  is 
especially  true  in  case  the  gases  move  slowly,  because  slow  movement 
increases  their  tendency  to  move  in  a  stratified  stream  and  thus 
reduces  their  chance  to  burn.  It  should  be  understood  that  the 
visible  smoke  is  not  made  by  the  contact  of  combustible  gases  with 
the  cool  surfaces  of  tho  boiler,  for  the  smoke  is  already  in  existence 
as  small  particles  of  carbon  and  tar  vapors.  The  contact  merely 
prevents  tho  combustion  by  cooling  tho  particles  of  carbon  and  the 
tar  vapors  below  their  ignition  temperatures. 

In  some  boiler  plants  the  cooling  of  the  smoke-forming  particles 
is  prevented  by  covering  the  cooling  surfaces  with  fire-clay  tile, 
or  by  building  protective  brick  arches.  Many  of  these  arches  serve 
two  purposes — they  mix  the  combustible  matter  and  keep  it  above 
its  ignition  temperature.  Tho  arch  commonly  used  in  locomotive 
firo  boxes  is  of  value  mainly  as  a  mixer. 

a  Breckcnridge,  L.  P.,  A  study  of  400  steaming  tests  made  at  the  fuel-testing  plant,  St.  Louis,  Mo.,  in 
1904,  1905,  and  1906:  TJ.  S.  Geol.  Survey  Hull.  325, 1907,  p.  173. 
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By  proper  application  of  the  three  principles  discussod  in  the 
preceding  paragraphs  it  is  possible  to  burn  smoky  coals  in  hand-fired 
furnaces  without  smoke.  However,  the  conditions  under  which 
some  commercial  plants  are  operated  make  such  application  difficult. 
Smoky  coals  are  burned  without  smoke  more  often  in  locomotives 
than  in  hand-fired  stationary  plants.  One  reason  for  this  is  that  the 
high  draft  used  in  locomotives  causes  the  air  to  enter  the  furnace  at 
high  velocity,  and  thus  facilitate  mixing.  Another  reason  is  that 
locomotive  firemen  take  more  care  in  firing  the  coal. 

LOSSES  IN  POWER  GENERATION  IN  STEAM  PLANTS. 

In  steam  power  plants  of  the  averago  size  the  generation  of  power  is 
attended  by  many  losses,  some  of  which  can  usually  bo  reduced  even 
though  they  can  not  be  wholly  prevented.  At  mauy  plants  the 
greatest  reduction  of  these  losses  can  be  made  in  the  boiler  room,  and 
much  of  the  saving  can  be  attained  by  careful  firing  and  by  taking 
proper  care  of  boiler  and  furnace.  The  following  statement  explains 
the  nature  and  the  size  of  these  losses,  and  what  proper  firing  can  do 
to  reduce  them. 

Figure  28  shows  graphically  the  losses  in  the  process  of  power 
generation  and  transmission  in  an  average  Southern  cotton-mill 
power  plant  of  1.000  to  2,000  horsepower,  a  cotton-mill  plant  being 
selected  as  an  illustration  because  of  the  writer  being  familiar  with  it. 
The  diagram  shows  the  losses  in  boiler  room,  engine  room,  and  mill. 
Although  the  two  losses  last  named  are  not  effected  by  the  methods  of 
firing,  they  are  given  that  the  diagram  may  show  all  the  losses. 
The  causes  of  the  losses  and  the  principles  to  be  applied  in  reducing 
these  losses  are  the  same  for  all  hand-fired  plants  of  similar  size. 

A  steam  plant  comprises  apparatus  for  converting  the  heat  in  coal 
into  mechanical  energy  or  motion.  The  mechanical  energy  can  be 
expressed  in  exact  equivalent  of  heat.  In  figure  27  the  energy  in 
the  coal  as  heat  units  is  shown  as  100,  and  the  mechanical  energy 
developed  by  the  engine  and  the  losses  of  this  energy  by  friction  are 
expressed  as  percentages  of  that  total.  A  stream  of  heat  is  shown 
starting  with  the  coal  fired  in  the  boiler  room  and  ending  in  the  power 
utilized  in  the  mill.  The  losses  are  shown  as  streams  branching  to  the 
left  from  the  main  stream. 

Of  the  100  per  cent  of  heat  in  the  coal  fired,  4.3  per  cent  is  lost  in  the 
boiler  room  and  57  per  cent  is  utilized  in  making  steam.  The  engine  and 
its  auxiliaries  take  their  57  per  cent  of  heat,  convert  10  per  cent  of  it  into 
mechanical  energy,  and  reject  43  per  cent  into  the  condenser.  Of 
the  steam  used  in  the  auxiliaries,  such  as  the  circulating  pump,  feed 
pump,  and  air  pump,  about  4  per  cent  is  lost,  the  remainder  being 
returned  into  the  boiler  through  the  feed-water  heater.  Of  the  10 
per  cent  of  heat  converted  into  mechanical  energy,  7  per  cent  is  lost 
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in  friction  of  the  engine,  shaft  lines,  and  the  spinning  machinery.  Only 
3  per  cent  of  the  original  heat  in  the  coal  fired  is  utilized  in  spinning 
and  weaving. 


Heat  lost  in  friction  of  steam  engines  1  per  cent 
Loss  9 

'/////////////////////////////////S//////;/////,///////////////////////777?. 
Heat  lost  in  friction  of  shafting  and  transmission  3  per  cent 
__^ Loss  10 

'/////////''//////////J////////////////////////////////////////////////////77. 
Heat  lost  in  friction  of  machinery  3  per  cent 


Energy  utilized  in 

manufacturing  3  per  cent 

Figure  28.— Representation  of  losses  In  an  average  cotton-mill  power  plant  having  a  capacity  of  1,0C0  to 
2,000  horsepower.    The  branches  turning  to  the  left  from  the  main  stream  represent  the  losses. 

A  steam  plant  having  losses  as  shown  in  figure  28  uses  about  1.85 
pounds  of  good  coal  per  indicated  horsepower-hour.  By  good  coal  is 
meant  one  having  about  14,000  B.  t.  u.  per  pound. 
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BOILER-ROOM    LOSSES. 

The  following  are  the  principal  boiler-room  losses,  some  of  which 
can  be  reduced  by  careful  firing  and  by  taking  proper  care  of  the 
boiler  plant:  Ash  loss,  dry  chimney  gas  loss,  moisture  loss,  incom- 
plete combustion  loss,  and  radiation. 

THE    ASH   LOSS. 

A  small  part  of  the  coal  fired  falls  through  the  grate  and  is  wasted 
in  the  ashes.  Some  combustible  is  also  pulled  out  of  the  furnace  with 
the  clinker  when  fires  are  cleaned.  In  a  hand-fired  plant  the  ash- 
loss  average  is  3  to  4  per  cent  of  the  total  combustible  in  the  coal  fired. 
That  is,  if  the  coal  runs  8  per  cent  ash,  the  refuse  taken  out  of  the 
boiler  room  contains  about  30  per  cent  combustible  matter.  The 
ash  loss  seldom  runs  less  than  2  per  cent  or  more  than  G  per  cent, 
and  is  usually  higher  if  the  coal  contains  much  ash.  As  the  ash  loss 
usually  appears  larger  than  it  really  is,  many  engineers  try  to  reduce  it 
by  making  the  air  spaces  in  the  grate  smaller.  Small  air  spaces  may 
reduce  the  loss  of  combustible  in  the  ash,  but  they  may  increase 
the  chimney  loss  more  than  enough  to  offset  this  gain,  especially  if  the 
coal  burned  has  a  fusible  ash  likely  to  produce  sticky  clinker.  When 
the  air  spaces  in  the  grate  are  small  the  fuel  bed  can  not  be  rid  of  the 
ashes  as  freely  as  when  the  air  spaces  are  large;  ashes  accumulate 
rapidly  on  the  grate,  and  the  fires  must  be  cleaned  frequently.  Fre- 
quent cleaning  increases  the  amount  of  air  passing  through  the  fur- 
nace, and  therefore  increases  the  chimney  losses. 

The  ash  losses  can  be  made  small  by  not  placing  fine  coal  on  the  bare 
grate.  The  fireman  should  take  care  never  to  allow  bare  spots  at  all 
to  form  on  the  grate.  However,  if  they  have  formed,  they  should  be 
covered  with  burning  coal  before  any  fresh  coal  is  fired,  or  covered 
with  a  shovelful  of  coarse  coal.  When  fires  are  cleaned,  coal  enough 
to  cover  the  entire  grate  should  be  left  in  the  furnace  so  that  fresh 
coal  need  not  be  placed  on  bare  grate  bars.  This  feature  is  discussed 
in  the  chapter  on  cleaning  of  fires. 

DRY   CHIMNEY-GAS    LOSS. 

The  sensible  heat  carried  away  by  the  dry  chimney  gases  is  by  far 
the  greatest  loss  in  generating  steam  and  usually  is  the  loss  that  there 
is  most  chance  to  reduce.  As  explained  in  the  chapter  on  combustion, 
15  to  18  pounds  of  air  is  necessary  to  burn  1  pound  of  coal.  This  air 
enters  the  furnace  at  atmospheric  temperature,  leaves  the  boiler  at  a 
temperature  of  about  500°  F.  higher,  and  carries  along  all  the  heat 
needed  to  raise  its  temperature  500°  F.  Each  pound  of  the  air  absorbs 
approximately  one-fourth  of  a  heat  unit  (B.  t.  u.)  for  each  degree  of 
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temperature  rise.  Therefore  each  pound  of  air  in  being  heated  500°  F. 
absorbs  '—r- ,  =  125  heat  units;  and  with  a  temperature  rise  of  1,000°  F. 

each  pound  of  air  absorbs      .    ,  =  250  heat  units.     The  hotter  the 

gases  leaving  the  boiler  the  more  heat  each  pound  of  air  carries  away. 
That  is,  the  amount  of  heat  the  air  absorbs  and  carries  away  is  directly 
proportional  to  the  temperature  at  which  it  leaves  the  boiler. 

Since  1  pound  of  air  absorbs  one-fourth  of  a  heat  unit  per  degree 
Fahrenheit,  16  pounds  absorb  16  times  as  much,  or  4  heat  units.  If 
15  pounds  of  air  be  used  to  burn  1  pound  of  carbon  and  the  products 
of  combustion  (which  weigh  15+1  =  16  pounds)  leave  the  boiler  at 
500°  F.  above  the  atmospheric  temperature,  the  heat  carried  away 

with  the  gases  is  —r-  X  16,  =2,000  heat  units.     If  31  pounds  of  air  be 

used  to  burn  1  pound  of  carbon  the  resulting  products  of  combustion 
weigh  32  pounds.  If  these  products  leave  the  boiler  500°  hotter  than 
the    air    entering    the    furnace,    the    heat    they     carry     away    is 

-j-  X32,  =4,000  heat  units,  or  twice  as  much  as  when  only  15  pounds 

of  air  were  used  to  burn  1  pound  of  carbon.  In  general  the  more  air 
used  in  burning  coal  the  greater  is  the  quantity  of  heat  carried  away 
with  the  chimney  gases,  the  loss  of  heat  being  very  nearly  propor- 
tional to  the  amount  of  air  used  in  combustion. 

There  are  very  few  hand-fired  plants  which  use  only  15  pounds  of 
air  to  burn  1  pound  of  coal.  By  far  the  larger  part  of  them  use  nearer 
31  than  15  pounds  and  some  of  the  plants  use  even  more  than  31 
pounds. 

In  figure  28  the  heat  loss  in  the  dry  chimney  gases  in  the  average 
cotton-mill  plant  is  shown  to  be  26  per  cent  of  the  total  heat  in  the 
coal  fired.  This  figure,  which  is  probably  lower  than  the  average 
rather  than  higher,  corresponds  to  an  air  supply  of  about  26  pounds 
per  pound  of  coal,  or  to  about  7.5  per  cent  carbon  dioxide  (C02)  in 
the  flue  gases.  At  some  plants  which  do  not  do  as  well  as  this  the 
carbon  dioxide  in  the  flue  gases  averages  as  low  as  4  per  cent.  In  such 
plants  the  heat  carried  away  with  the  chimney  gases  may  be  as  much 
as  40  per  cent  of  the  heat  in  the  coal  fired.  Such  high  losses  are  inex- 
cusable and  reflect  on  the  man  in  charge  of  the  plant. 

With  proj)er  care  of  the  boiler  and  its  sotting  and  with  careful 
method  of  firing,  the  heat  loss  in  the  chimney  gases  can  be  reduced  to 
20  or  even  15  per  cent  of  the  heat  in  the  coal  fired.  It  has  been 
explained  in  the  preceding  paragraphs  that  the  amount  of  heat  carried 
away  by  the  chimney  gases  is  directly  proportional  to  the  temperature 
of  the  chimney  gases  and  almost  directly  proportional  to  the  amount 
of  air  admitted  to  the  furnace.     Therefore,  the  loss  of  heat  up  the 
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chimney  can  be  made  low  by  keeping  the  temperature  of  the  chimney 
gases  low  and  by  admitting  to  the  furnace  in  the  proper  way  only  that 
amount  of  air  which  is  ne<  essary  to  insure  nearly  complete  combus- 
tion. 

The  temperature  of  the  flue  gases  can  be  kept  low  by  frequently 
cleaning  the  boiler  inside  and  out.  If  scale  and  soot  arc  allowed  to 
accumulate  on  the  boiler  tubes,  the  latter  do  not  absorb  the  heat  from 
the  furnace  gases  as  readily  as  when  they  are  kept  clean,  and  the  gases 
leave  the  boiler  at  a  comparatively  high  temperature. 

A  man  in  charge  of  a  boiler  room  does  not  realize  how  large  an 
excess  of  air  enters  his  furnace  and  setting  unless  he  analyzes  the  flue 
gas.  The  two  principal  sources  of  a  large  excess  of  air  are  holes  in  the 
fire  and  leaks  in  the  setting.  Sometimes  too  much  air  is  admitted 
through  the  openings  in  or  around  the  firing  doors  because  the  latter 
are  warped  and  do  not  fit  the  frame.  This  evil  is  more  pronounced 
when  large  firings  are  made  at  long  intervals,  as  explained  in  connec- 
tion with  figure  8  (p.  19).  The  air  that  enters  the  furnace  through 
the  grate  and  through  a  level  fuel  bed  4  to  6  inches  thick  is  used  in 
combustion  and  is  necessary  for  burning  the  coal;  a  reasonable  amount 
of  air  admitted  through  the  opening  in  the  firing  door  helps  to  burn  the 
volatile  combustible  of  the  coal.  Most  of  the  air  that  enters  through 
holes  in  the  fire  and  through  cracks  in  the  setting  is  not  used  in  com- 
bustion; it  merely  absorbs  and  carries  away  heat. 

The  amount  of  air  that  leaks  into  a  boiler  setting  between  the  fur- 
nace and  the  uptake  is  seldom  appreciated.  Even  in  a  well-cared-for 
setting  the  leakage  amounts  to  25  per  cent  of  the  gases  passing 
through  the  uptake.0  Therefore,  to  reduce  the  excess  of  air  the  fires 
should  be  kept  from  holes  and  the  setting  free  from  cracks  and  other 
leaks. 

THE    MOISTURE    LOSS. 

The  third  boiler-room  heat  loss  shown  in  figure  28  is  the  heat  carried 
out  with  the  moisture.  The  moisture  includes  the  moisture  hi  coal, 
the  water  formed  by  burning  the  hydrogen  of  coal,  and  the  moisture 
hi  the  atmospheric  air  used  in  combustion.  This  loss  averages  about 
4  per  cent  and  increases  with  the  moisture  in  coal  at  the  rate  of  about 
1  per  cent  for  every  10  per  cent  of  free  moisture.  Therefore,  a  reason- 
able wetting  of  the  coal  does  not  increase  this  loss  perceptibly. 

The  heat  lost  in  the  moisture  can  be  reduced  very  little  and  usually 
it  does  not  pay  to  spend  any  effort  doing  so. 

THE   nEAT   LOST   IX    INCOMPLETE    COMBUSTION. 

The  fourth  loss  shown  in  figure  28  is  the  heat  lost  in  incomplete 
combustion  of  the  combustible  rising  from  the  fuel  bed.  It  includes 
the  loss  caused  by  the  escape  of  visible  smoke  and  a  small  amount  of 

a  For  a  more  detailed  discussion  of  leakage,  see  Breckenridge,  L.  P.,  Kreisinger,  Henry,  and  Ray,  W.  T., 
Steaming  tests  of  coals  and  related  investigations:  Bull.  23,  Bureau  of  Mines,  1912,  p.  289. 
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combustible  gas.  Although  in  most  plants  this  loss  is  small  on 
account  of  the  large  excess  of  air,  in  some  cases  it  may  reach  an  alarm- 
ing figure.  Such  high  losses  occur  only  in  small  furnaces  where  no 
provision  is  made  for  effective  mixing  of  volatile  combustible  and  air, 
and  where  heavy  firings  are  made  at  long  intervals.  In  the  figure 
this  loss  is  shown  to  be  5  per  cent.  In  general,  to  keep  this  loss  low 
the  furnaces  should  have  an  ample  combustion  space,  with  provision 
for  mixing  the  air  with  the  volatile  combustible;  the  firing  should  be 
done  in  small  charges  at  short  intervals  as  directed  in  connection  with 
figure  8  (p.  19). 

THE    RADIATION    LOSS. 

Loss  5,  shown  in  figure  28,  is  the  heat  lost  by  radiation.  It 
includes  the  heat  radiated  from  the  furnace  front,  the  boiler,  the 
setting,  and  the  steam  pipe.  In  the  average  hand-fired  plant  this 
loss  amounts  to  about  5  per  cent  of  the  total  heat  in  coal  fired.  In  a 
plant  having  large  boilers  operated  at  full  capacity  and  where  the 
boiler  and  piping  is  well  covered  this  loss  may  be  as  low  as  3  or  2  per 
cent.  On  the  other  hand,  in  plant  with  small  units  operated  below 
their  rated  capacity,  and  where  a  large  part  of  the  boiler  and  piping  is 
exposed  to  radiation,  the  loss  may  be  as  much  as  10  per  cent  and 
even  higher.  To  keep  the  radiation  loss  low  the  boiler  as  well  as  the 
piping  should  be  well  covered  with  insulating  material  and  the 
covering  kept  in  good  condition. 

ENGINE-ROOM    LOSSES. 

THE    LOSS    IN    AUXILIARIES. 

Of  the  steam  delivered  to  the  engine  room  a  small  quantity  is  used 
in  the  auxiliaries,  such  as  circulating  pump,  air  pump,  and  similar 
other  apparatus.  The  exhaust  steam  from  these  auxiliaries  is 
usually  discharged  through  the  feed- water  heaters,  so  that  a  large 
percentage  of  the  heat  is  utilized  in  heating  feed  water.  A  small  part 
of  the  heat  in  this  exhaust  steam  is  wasted.  This  waste  averages 
about  4  per  cent  of  the  total  heat  in  coal  fired.  Ordinarily,  this  waste 
can  be  reduced  but  little. 

THE   LOSS   IN    EXHAUST   STEAM 

About  four-fifths  of  the  heat  in  steam  delivered  to  the  main  engine 
is  discharged  with  the  exhaust  steam  into  the  condenser.  It  is  the 
largest  loss  in  generating  power  in  a  steam  plant  and  amounts  to 
about  43  per  cent  of  the  total  heat  in  coal  fired.  By  far  the  most  of 
this  loss  can  not  be  avoided  because  it  represents  heat  that  can  not  be 
utilized.  For  example,  an  ideal  or  perfect  engine  operating  between 
a  boiler  pressure  of  150  pounds  by  gage  and  a  condenser  vacuum  of 
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24  inches  of  mercury,  when  the  barometric  pressure  is  30  inches,  can 
transform  into  mechanical  energy  only  23.7  per  cent  of  the  heat  in 
the  steam  it  receives.  The  remaining  76.3  per  cent  of  the  heat  is 
below  the  temperature  of  the  condenser  and  is  not  available  for 
transformation.  No  steam  engine  is  perfect.  The  engines  of  the 
average-sized  condensing  plant  do  very  well  if  they  convert  into 
mechanical  energy  20  per  cent  of  the  heat  in  the  steam  delivered  to 
them. 

In  general  the  condenser  losses  can  be  reduced  by  operating  the 
engine  at  high  steam  pressure  and  lower  condenser  vacuum,  because 
these  conditions  make  more  heatavailablc  for  conversion  into  mechani- 
cal energy.  The  gain  by  increasing  the  condenser  vacuum  is  greater 
than  that  obtained  by  increasing  the  steam  pressure.  Table  3  shows 
how  much  more  heat  is  made  available  for  conversion  into  mechanical 
.energy  by  increasing  the  condenser  vacuum  from  24  to  26  and  28 
inches  of  mercury  and  keeping  the  steam  pressure  constant  at  150 
pounds.  Table  4  shows  the  gain  by  increasing  the  steam  pressure  to 
175  pounds  and  200  pounds,  and  keeping  the  condenser  vacuum  at 
24  inches  of  mercury. 

Table  3. — Increase  of  available  heat  for  engine  by  increasing  the  vacuum. 


Steam  pressure,  pounds  by  gage. 

Condenser    vacuum,    inches    of 
mercury. 

Percentage  of  heat  available  for 
conversion. 

150 
150 
150 

24 
26 

28 

23.7 
25.7 
28.8 

Table  4. — Increase  of  available  heat  for  engine  by  increasing  the  steam  pressure. 

Steam  pressure,  pounds  by  gage. 

Condenser  vacuum,  inches  of 
mercury. 

Percentage  of  heat  available  for 
conversion. 

150 
175 
200 

24 

24 
24 

23.7 
24  7 
25.3 

The  preceding  tables  show  that  more  may  bo  gained  by  increasing 
the  vacuum  2  inches  than  by  increasing  tho  pressure  50  pounds. 

The  principal  requisite  for  good  vacuum  is  enough  cold  water,  but 
this  requisite  is  lacking  at  many  plants.  Some  of  these  plants  are 
built  in  places  where  there  is  no  supply  of  running  water,  and  rain 
water  accumulated  in  ponds  is  used  for  condensing.  These  p<  ads 
are  usually  too  small,  so  that  the  water  is  run  through  the  condenser 
frequently  and  is  not  given  time  to  cool  off.  As  the  water  becomes 
hotter  the  condenser  vacuum  drops  rapidly. 

The  amount  of  water  needed  for  condensing  purposes  is  not  appre- 
ciated by  many  steam-plant  operators.  It  takes  \  to  1  cubic  foot 
44554°— 16 5 
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of  water  to  condense  1  pound  of  steam.  A  1,000-horsepower 
engine  uses  about  16,000  pounds  of  steam  per  hour.  To  condense 
this  amount  of  steam  8,000  to  16,000  cubic  feet  of  cooling  water 
is  needed  hourly,  and  8,000  cubic  feet  of  water  would  fill  a 
tank  20  feet  wide,  20  feet  long,  and  20  feet  deep.  These  figures  give 
an  idea  of  the  large  amount  of  water  needed  and  show  the  need  of 
having  a  large  supply  for  a  condensing  steam  plant. 

Air  leakage  into  the  condenser  system  lowers  the  vacuum,  thereby 
reducing  the  efficiency  of  the  plant. 

Heavily  overloaded  engines  do  not  expand  the  steam  to  as  low 
pressures  as  engines  working  under  normal  load,  and  therefore  the 
efficiency  of  the  overloaded  engine  is  low  and  a  large  percentage  of 
heat  is  wasted  in  the  condenser. 

There  are  other  factors  affecting  the  loss  of  heat  in  condenser; 
however,  the  subject  of  this  bulletin  does  not  justify  their  discussion. 

LOSS   IN   FRICTION    OF   STEAM    ENGINE. 

The  eighth  heat  loss  shown  in  figure  28  (p.  60)  is  energy  lost  in  tho 
friction  of  the  engine  itself.  That  is,  part  of  the  heat  which  has  been 
converted  by  the  engine  into  mechanical  energy  is  changed  back  into 
heat  by  the  friction  of  the  moving  parts.  This  loss  usually  amounts 
to  about  1  to  1-|  per  cent  of  the  total  heat  in  the  coal  fired,  or  about 
10  to  15  per  cent  of  the  mechanical  energy  developed  by  the  engine. 
If  the  engine  is  not  well  oiled  this  loss  may  be  considerably  more. 
Sometimes  enough  mechanical  energy  is  converted  into  heat  to  raise 
the  temperature  of  the  bearing  high  enough  to  melt  the  metal  lining. 
The  use  of  good  lubricating  oil  is  the  best  way  of  keeping  this  loss 
down  and  of  preventing  shutdowns  from  molten  bearings. 

FACTORY    LOSSES. 
LOSS   IN   FRICTION    OF   SHAFTING. 

The  ninth  heat  loss  shown  in  figure  28  (p.  60)  is  the  loss  of  mechan- 
ical energy  hi  friction  of  shafting  and  other  transmission  lines.  In 
the  cotton  mills,  taken  as  an  example,  this  loss  varies  from  20  to  40 
per  cent  of  the  energy  developed  by  the  engine,  or  about  3  per  cent 
of  the  total  heat  in  coal  fired.  This  loss  can  be  kept  low  by  good 
alignment  of  the  shafting  and  proper  lubrication  of  its  bearings. 
Some  mills  have  been  in  operation  10  to  15  years  without  having 
their  shafting  aligned.  When  shafting  is  out  of  alignment  much 
mechanical  energy  is  expended  in  bending  the  shafting  and  twisting 
the  hangers,  and  there  is  a  considerable  increase  in  the  friction  of 
bearings. 


LOSSES   IN   POWER  GENERATION    IN    STEAM    PLANTS.  67 

bOSfl    IN    SPINNING    and    whavim;    machinery. 

Of  the  mechanical  energy  that  reaches  the  spinning  and  weaving 
machinery  about  one-half  is  Lost  in  the  friction  of  the  machines  them- 
selves. This  is  the  last  loss  shown  in  figure  28  (p.  60).  It  amounts 
to  about  3  per  cent  of  the  heat  units  in  the  coal  fired.  This  loss  can 
be  made  low  by  keeping  the  bearings  of  the  machinery  clean  and 
well  lubricated. 

Only  about  3  per  cent  of  the  heat  in  the  coal  fired  is  utilized  in 
spinning  and  weaving. 

ACCURATE  RECORDS  AS  MEANS  TO  REDUCE  LOSSES. 

Accurate  records  of  the  daily  performance  of  a  power  plant  are 
essential  to  economical  operation.  The  records  should  be  as  com- 
plete as  possible.  By  the  study  and  comparison  of  such  records 
any  excessive  losses  can  be  found  and  proper  steps  can  be  taken  to 
reduce  them. 

Some  of  the  items  of  which  records  should  be  kept  are  discussed  in 
the  order  of  their  importance  and  the  ease  with  which  records  can  be 
obtained. 

WEIGHT    OF   COAL. 

At  every  boiler  plant  the  weight  of  the  coal  burned  should  be 
recorded.  Each  wheclbarrowful  or  cartload  should  be  weighed  as  it 
is  delivered  to  the  firing  room.  If  a  boiler  plant  is  operated  at  night 
the  weight  of  the  coal  burned  during  the  night  should  be  determined 
separately,  for  it  is  at  night,  when  boilers  are  run  with  a  light  load, 
that  coal  is  burned  most  wastefully. 

WEIGHT   OF   ASHES. 

The  fires  and  the  ash  pits  should  be  cleaned  at  regular  periods. 
When  the  ashes  and  clinkers  are  wheeled  out  they  should  be  weighed 
and  their  weight  recorded.  Comparison  of  the  weight  of  the  refuse 
with  the  weight  of  coal  burned  gives  valuable  information  as  to  the 
ash  content  of  the  coal. 

POWKi:    DEVELOPED   BY    ENGINE. 

If  the  steam  is  used  only  to  generate  electricity  the  net  useful  power 
developed  by  the  engine  can  be  obtained  by  a  recording  wattmeter. 
The  weight  of  coal  burned  per  kilowatt-hour  can  be  determined  by 
dividing  the  pounds  of  coal  burned  b}r  the  kilowatt-hours  generated. 
If  the  engine  drives  the  machinery  of  a  factory  directly,  and  the  load 
is  fairly  uniform,  the  indicated  horsepower  of  the  engine  should  be 
determined  at  definite  periods.  The  coal  consumption  per  horse- 
power-hour can  be  computed  by  dividing  the  pounds  of  coal  burned 
by  the  horsepower-hours  developed. 
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WEIGHT    OF    STEAM    USED    FOR    OTHER   PURPOSES. 

If  the  steam  is  also  used  for  other  purposes  than  generating  power, 
the  weight  of  steam  used  can  be  determined  by  placing  a  recording 
steam  meter  in  the  line.  Steam  meters  can  be  bought  that  are  relia- 
ble to  within  less  than  5  per  cent. 

CONDENSER   VACUUM. 

The  average  condenser  vacuum  should  be  recorded  each  day.  The 
vacuum  greatly  affects  the  efficiency  of  the  engine,  and  must  be  con- 
sidered when  comparing  the  rate  of  coal  consumption  on  different 
days. 

CARBON    DIOXIDE    (C02)    IN    FLUE    GASES. 

The  percentage  of  carbon  dioxide  in  the  flue  gases  indicates  the 
amount  of  air  used  in  the  combustion,  and  the  amount  of  loss  in  the 
chimney  gases;  therefore,  if  at  all  possible,  a  record  of  the  carbon 
dioxide  should  be  kept.  Carbon  dioxide  can  be  determined  either 
with  an  automatic  C02  recorder  or  by  analysis,  with  an  Orsat  appa- 
ratus, of  an  average  sample  collected  during  a  day  or  half  a  day. 

WEIGHT    OF    WATER   FED    TO    BOILER. 

With  a  carefully  and  frequently  tested  water  meter  placed  hi  the 
feed  line  the  weight  of  water  fed  to  boiler  can  be  closely  determined. 
By  dividing  this  weight  of  water  by  the  weight  of  coal  burned  the 
evaporation  for  each  day  can  be  computed. 

TEMPERATURE    OF    FEED    WATER. 

The  average  temperature  of  the  feed  water  should  be  recorded 
daily.  Every  10  degrees  drop  in  the  temperature  of  the  feed  water 
increases  the  coal  consumption  about  1  per  cent. 

THE     STEAMING   VALUE    OF   COAL   AS    SHOWN   BY   CALORIMETER 

DETERMINATION. 

VALUE    OF    CALORIMETER    DETERMINATION. 

Many  firemen  and  engineers  have  little  confidence  in  the  heating 
value  (calorimeter)  determination  as  a  measure  of  the  value  of  a  coal 
for  steaming  purposes.  There  are  two  main  causes  for  this  lack  of 
confidence.  One  of  them  is  the  fact  that  sometimes  the  sample  of 
coal  tested  in  the  calorimeter  is  not  properly  collected,  but  is  either 
better  or  worse  than  the  bulk  of  the  coal,  so  that  the  calorimeter 
determination  is  misleading.  This  objection  can  be  avoided  by 
using  the  proper  methods  of  sampling  coal  as  described  in  Bulletin 
G3  a  and  Technical  Paper  1  b  of  the  Bureau  of  Mines.     The  second  cause 

a  Pope,  G.  S.,  Sampling  coal  deliveries  and  types  of  Government  specifications  for  the  purchase  of  coal, 
1913,  68  pp. 
b  Holmes,  J.  A.,  The  sampling  of  coal  in  the  mine,  1911,  18  pp. 
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is  alack  of  knowledge  of  the  principles  used  in  the  design  and  operation 
of  the  calorimeter.  That  the  determination  of  the  heating  value  of 
a  coal  in  a  calorimeter  may  be  of  great  value  in  the  selection  of  the 
coal  is  shown  in  a  brief  discussion  in  Bulletin  23,  Bureau  of  Mines, 
page  3GS.  In  that  discussion  it  is  shown  that  the  evaporation 
obtained  with  a  coal  in  a  given  steam  plant  is  closely  proportional 
to  the  heating  value  of  the  coal  as  determined  by  the  calorimeter. 
The  following  explanation  of  the  working  of  the  calorimeter  is  in- 
tended to  show  why  the  instrument  is  of  such  use. 

DESCRIPTION    OF   METHOD. 

In  the  standard  bomb  calorimeter  a  small  accurately  weighed 
quantity  of  coal  is  completely  burned  in  oxygen  and  all  the  heat 
developed  by  the  combustion  is  accurately  measured.  The  methods 
of  making  a  test  are  similar  to  those  used  in  making  steaming  tests 
of  a  coal  under  a  boiler,  but  are  greatly  refined  in  order  to  insure 
accuracy.  A  comparison  of  figures  29  and  30,  the  former  showing  a 
cross  section  of  a  vertical  fire-tube  boiler  and  the  latter  a  cross  section 
of  a  calorimeter  such  as  is  used  by  the  Bureau  of  Mines,  will  show 
how  a  calorimeter  resembles  a  boiler. 

In  a  steaming  test  of  a  coal  the  coal  is  placed  on  the  grate  and 
is  burned  in  the  combustion  space  of  the  furnace,  the  necessary 
oxygen  being  supplied  by  the  air  admitted  through  the  grate  and 
through  the  firing  door.  The  hot  products  of  combustion  pass 
through  the  flues,  which  have  water  on  the  outside.  The  shell  sur- 
rounding the  furnace  also  contains  water.  Some  of  the  heat  from 
the  fire  passes  through  this  shell  and  through  the  walls  of  the  flues 
into  the  water  in  the  boiler.  It  is  only  this  heat  that  is  measured  and 
Credited  to  the  fuel  in  a  steaming  test.  A  considerable  part  of  the 
heat  from  the  fuel  escapes  with  the  products  of  combustion  through 
the  chimney  and  is  the  largest  of  the  boiler-room  losses  shown  in 
figure  28  (p.  60).  The  quantity  of  heat  that  escapes  unused  depends 
on  the  type  of  boiler  and  on  the  care  with  which  the  fireman  burns 
the  coal.  If  the  fireman  uses  15  pounds  of  air  to  burn  1  pound  of  coal 
he  gets  certain  results;  if  he  uses  30  pounds  of  air  per  pound  of  coal 
he  gets  other  results;  and  by  varying  the  quantity  of  air  he  may  get 
good  results  with  bad  coal  and  poor  results  with  good  coal.  In  other 
words,  a  careless  steaming  test  is  of  little  value  in  determining  the 
quality  of  a  coal. 

In  a  heating  value  determination  an  accurately  weighed  quantity 
of  coal  is  placed  in  a  platinum  pan  in  the  steel  bomb  of  tho  calorimeter, 
as  shown  in  figure  30.  This  pan,  which  is  suspended  in  tho  bomb, 
represents  the  grate  in  the  steam  boiler,  and  tho  bomb  itself  repre- 
sents the  boiler  furnace     The  bomb  is  cntiroly  submerged  in  an  accu- 
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ratcly  woighod  quantity  of  water  contained  in  a  vessel.     The  tempor- 
aturo  of   the  water  is  about  that   of 


Breeching 


the  surrounding  atmosphere, 
so  that  the  water  neither 
gains  nor  loses  heat  by  ra- 
diation. Revolving  pro- 
pellers keep  tho  water  mov- 
ing so  that  its  temperature 
may  be  uniform.  Tho  space 
in  the  bomb  is  filled  with 
pure  oxygon  under  a  pres- 
sure of  200  or  300  pounds 
per  square  inch,  so  that  the 
bomb  contains  more  oxygen 
than  is  absolutely  needed 
for  the  combustion  of  the 
coal.  Tho  charge  is  ignited 
by  electricity  and  burns 
completely  within  a  few 
seconds.  The  heat  gener- 
ated by  the  combustion 
passes  through  tho  walls  of 
the  bomb  and  is  absorbed 
by  the  water.  The  prod- 
ucts of  combustion  stay  in 
the  bomb,  are  cooled,  and 
finally  have  tho  same  tem- 
perature as  the  bomb  and 
the  surrounding  water. 

The  heat  of  combustion 
passes  from  the  bomb  into 
the  water  and  raises  its 
temperature.  By  means  of 
a  special  thermometer  the 
rise  in  the  temperature  of 
the  water  can  be  road  ac- 
curately within  0.005  of  a 
degree  This  temperature 
rise  is  proportional  to,  or  is 
the  measure  of,  the  quan- 
tity of  heat  developed  by 


Figure  29.— A  vertical  fire-tubo  boiler  with  Internal  furnace.      [L^  combustion. 
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Power-plant  boilers  neod  proper  care  to  give  good  results.     They 
must  be  frequently  cleaned,  inside  and  out,  and  kept  in  good  repair. 
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(  LEANING    TIBES. 

All  boilers  should  have  the  soot  blown  off  the  tubes  every  day  when 
in  operation.  In  addition,  fire-tube  boilers  should  have  the  tubes 
scraped  twice  a  month,  particularly  if  the  fuel  is  sooty.  Blowing  out 
the  tubes  with  steam  or  air  jets  removes  only  the  loose  particles  of 
soot,  A  coating  of  tough  soot  gradually  accumulates  in  the  tubes 
and  not  only  retards  the  flow  of  heat  from  the  hot  gases  into  the 
boiler  water,  but  also  reduces  the  weight  of  gases  thai  can  be  pushed 


-Thermometer 


— — -_—  - 

F- ------- 


Figure  30.— A  coal  calorimeter,  minor  details  being  omitted.    The  figure  shows  the  similarity  of  opera- 
tion of  the  calorimeter  and  the  steam  boiler. 

through  with  a  given  draft.  It  is  surprising  how  much  the  perform- 
ance of  a  fire-tube  boiler  is  improved  by  a  good  scraping  of  the  boiler 
tub( 

BLOWING    OFF    AND    WASHING. 

A  boiler  should  bo  blown  oil  at  least  onco  a  day,  preferably  in  the 
morning  before  starting  the  day's  run.  Tho  mud  has  then  settled  and 
can  bo  removed  more  easily.  At  the  end  of  tho  day's  run  the  mud  is 
in  suspension  in  the  boiler  water  and  can  not  bo  blown  out  without 
running  a  largo  part  of  the  water  out  of  tho  boiler.     A  boiler  should  be 
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washed  thoroughly  on  tho  inside  every  two  to  four  weeks,  the  time 
between  washings  depending  on  the  quality  of  feed  water.  If  the 
water  scales  the  boiler  some  water-softening  compound  may  be  used. 
Such  compound  can  bo  best  prescribed  by  a  competent  chemist  after 
ho  has  analyzed  the  water.  There  are  a  number  of  substances  on  the 
market  which  in  some  cases  prevent  or  remove  scale.  Their  merits 
in  each  specific  case  can  be  determined  only  by  an  actual  trial.  No 
general  rule  can  be  given. 

STOPPING    AIR    LEAKS    IN    SETTING. 

The  settings  of  all  boilers  should  be  kept  air-tight.  Too  frequently 
no  attention  is  given  this  feature.  It  is  safe  to  say  that  on  the  aver- 
age fully  one-third  of  the  air  found  in  the  breeching  entered  the  boiler 
setting  through  leaks,  and  in  bad  cases  twice  as  much  air  may  enter 
through  leaks  as  through  the  regular  openings.  Leakage  is  largely 
responsible  for  the  large  chimney  losses,  shown  in  figure  28  as  loss  2, 
and  usually  occurs  through  cracks  in  the  walls  of  the  settings  or  where 
masonry  makes  a  joint  with  the  metal  parts  of  the  boiler.  The  walls 
themselves  if  free  from  cracks  and  made  of  good  bricks  properly  laid 
in  good  mortar,  are  fairly  air-tight  with  the  usual  pressure  difference 
on  the  two  sides.  Cracks  in  the  walls  and  the  openings  of  joints  are 
caused  by  difference  in  expansion  due  to  variations  of  temperature. 
They  can  not  be  prevented,  but  when  they  form  they  should  be 
stopped.  The  best  materials  for  stopping  cracks  and  other  leaks  are 
asbestos  rope  or  packing  and  asbestos  cement.  The  rope  can  be 
purchased  in  any  size.  The  size  needed  depends  upon  the  size  of  the 
crack  or  opening  to  be  filled.  The  rope  should  be  pushed  tightly  into 
the  crack  with  a  screw-driver  or  some  other  blunt-edged  tool.  If 
asbestos  cement  is  used,  it  should  be  mixed  with  very  little  water, 
just  enough  to  make  the  material  stick  together,  and  should  then  be 
pushed  into  the  cracks  or  openings  like  the  asbestos  rope.  After  it 
has  dried  it  shrinks  somewhat  and  may  become  loose.  However,  it 
is  so  elastic  that  it  can  be  pushed  in  farther,  closing  the  crack  perma- 
nently. A  little  experience  with  asbestos  cement  or  rope  will  give 
skill  in  stopping  leaks.  Lime  or  cement  mortar  should  never  be  used ; 
it  lacks  elasticity  and  falls  out  after  drying. 

CAUSES    OF    AIR    LEAKS. 

Figure  31  shows  where  leakage  occurs  most  frequently  on  a  horizon- 
tal tubular  boiler.  The  arch  in  the  rear  is  usually  pushed  back  by  the 
expansion  of  the  boiler,  so  that  openings  one-half  inch  wide  between 
the  arch  and  the  rear  tube  sheet  are  not  uncommon.  The  rear  wall 
may  leak  because  of  its  being  pushed  back  and  cracked  by  the  pres- 
sure of  the  arch.     The  man  in  charge  of  the  boiler  should  see  that 
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the  hole  in  the  rear  wall  for  the  blow-off  pipe  does  not  leak  air.  It 
is  usually  made  bjr  the  mason  much  larger  than  is  necessary.  An- 
other common  source  of  leaks  in  small  boiler  plants  is  badly  fitting 
ash  doors  in  the  rear  of  the  boiler.     Some  of  these  doors  seem  to 


have  no  provision  made  to  keep  them  closed;  a  brick  is  set  against 
them  to  keep  them  from  flying  wide  open.  At  some  plants  tho 
cast-iron  frame  of  the  ash  door  is  loose  from  the  wall  and  allows  con- 
siderable air  to  leak  in.  There  may  be  many  leaks  in  a  boiler  setting, 
but  those  mentioned  are  typical  ones.     A  good  way  to  find  a  leak  is  to 
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hold  a  candle  or  a  torch  to  the  suspected  place,  and  if  there  is  leakage 
the  flame  is  drawn  in. 

In  some  horizontal  return  tubular  boilers  of  the  older  type,  having 
flush  fronts  and  brick  smoke  boxes,  the  arches  of  the  firing  door  settle 
enough  to  leave  an  opening  formed  between  the  arches  and  the  front 
of  the  boiler.  The  products  of  combustion  then  pass  directly  from 
the  furnace  into  the  smoke  box,  as  shown  in  figure  31,  and  the  action  of 
the  flame  gradually  makes  the  opening  larger.  As  a  result  a  large 
part  of  the  furnace  gases  may  enter  the  chimney  without  going 
through  the  boiler,  making  the  flue-gas  temperature  high  and  causing 
large  chimney  losses,  shown  as  loss  2  in  figure  28  (p.  60).     Such  a 


Figure  32.— Short  circuiting  of  furnace  gases  in  a  water-tube  boiler  of  the  cross-flow  typs;  first  baffle 

burnt  out  at  the  bridge  wall. 

condition  of  the  boiler  setting  should  not  be  permitted  for  the  remedy 
is  simple — a  few  bricks  laid  in  asbestos  cement  mortar  will  stop  the 
leak. 

Horizontal  water-tube  boilers  of  the  cross-flow  type  develop  air 
leaks  most  frequently  around  the  cast-iron  frames  of  the  soot-blowing 
holes  in  the  side  walls.  These  leaks  can  be  stopped  with  asbestos  rope 
or  cement  in  the  way  already  described.  When  this  type  of  boiler 
is  used  hard,  the  first  baffle  is  apt  to  burn  out  just  above  the  bridge 
wall.  The  furnace  gases  take  the  short  path  through  the  opening 
thus  formed  and  flow  under  the  boiler  and  through  the  last  pass 
directly  into  the  breeching,  as  shown  in  figure  32.     When  this  condi- 
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tion  exists  the  flames  are  plainly  visible  through  the  lowest  cleaning 
hole  in  the  second  pass,  as  indicated  in  the  figure.  The  furnace  gases 
taking  this  short  path  arc  not  cooled  by  the  boiler  as  much  as  they 
would  be  if  they  took  the  proper  path  through  the  boiler.  Conse- 
quently, the  flue-gas  temperature  is  high  and  the  loss  up  the  chimney 
is  large.  The  baffle  can  be  repaired  by  replacing  the  burned-out 
tiles  by  new  ones. 

In  water-tube  boilers  with  a  horizontal  gas  path  the  soot  is  blown 
through  hollow  stay  bolts.  As  erected  by  the  makers  these  boilers 
have  cast-iron  or  wooden  plugs  that  fit  the  stay-bolt  holes.  When 
the  soot  is  being  blown,  these  plugs  must  be  taken  out  and  when  the 
blowing  is  finished  they  must  be  put  back.  Often  the  plugs  are  put 
in  loosely,  allowing  air  to  leak  into  the  setting.  In  some  cases  the 
plugs  are  left  out  altogether.  Such  carelessness  causes  large  chimney 
losses.  A  man  in  charge  of  a  boiler  room  where  boilers  of  this  typo 
are  used,  should  see  that  all  the  plugs  are  put  into  the  stay-bolt  holes 
tightly. 

All  boilers  with  a  brick  setting  should  be  frequently  examined  for 
leakage,  for  as  a  rule,  there  is  always  plenty  to  be  found.  Every  leak, 
no  matter  how  insignificant  it  may  appear  to  be,  should  be  promptly 
stopped.  Time  spent  in  keeping  a  boiler  setting  free  from  leaks  is 
time  well  spent 

GLOSSARY. 

Analysis  {chemical). — The  determination  of  what  a  given  substance 
contains.  For  example,  the  analysis  of  the  gases  escaping  from  a 
boiler  furnace  shows  that  they  consist  of  carbon  dioxide,  oxygen,  and 
nitrogen.  Water,  by  analysis,  is  shown  to  be  composed  of  hydrogen 
and  oxygen,  and  coal  is  shown  to  be  composed  of  carbon,  hydrogen, 
oxygen,    and  nitrogen. 

Breeching. — The  sheet  metal  or  brick  gas  passage  that  connects  the 
boiler  setting  to  the  chimney. 

British  thermal  unit. — A  unit  of  heat,  just  as  a  yard  is  a  unit  of  length 
or  a  pound  is  a  unit  of  weight.  A  British  thermal  unit  (B.  t.  u.)  is 
the  quantity  of  heat  necessary  to  raise  the  temperature  of  1  pound 
of  water  (not  ice)  1°  F.  When  completely  burned  1  pound  of  good 
steaming  coal  generates  13,500  to  14,800  British  thermal  units.  It 
takes,  roughly,  1,000  British  thermal  units  to  evaporate  1  pound  of 
water. 

Carbon. — A  substance  found  in  the  bodies  of  all  plants  and  animals. 
Coke  and  charcoal  are  the  most  common  forms  of  nearly  pure  carbon. 

Carbon  dioxide. — A  colorless  gas  resulting  from  the  complete  com- 
bustion of  carbon;  that  is,  12  pounds  of  carbon  burned  with  32 
pounds  of  oxygen  produces  44  pounds  of  carbon  dioxide.     The  chemi- 
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cal  symbol  of  the  gas  is  C02.  The  burning  of  one  pound  of  carbon  to 
carbon  dioxide  generates  14,500  British  thermal  units. 

Carbon  monoxide. — A  colorless  gas  resulting  from  the  incomplete 
combustion  of  carbon;  the  carbon  being,  so  to  speak,  only  half 
burned — that  is,  12  pounds  of  carbon  burned  with  10  pounds  of  oxygen 
produces  38  pounds  of  carbon  monoxide.  To  burn  12  pounds  of 
carbon  completely  (to  carbon  dioxide)  requires  32  pounds  of  oxygen. 
Burning  1  pound  of  carbon  to  carbon  monoxide  generates  about 
4,500  British  thermal  units;  burning  it  to  carbon  dioxide  generates 
about  14,500  British  thermal  units.  Carbon  monoxide  is  very  poison- 
ous when  inhaled. 

Combustion  or  burning  of  fuel. — A  chemical  process  in  which  the 
combustible  part  of  the  fuel  combines  with  the  oxygen  of  air  and 
generates  heat. 

Combustion  space. — The  space  between  the  fuel  bed  and  the  boiler. 
In  this  space  are  burned  the  volatile  matter  and  other  combustible 
gases  which  rise  from  the  fuel  bed. 

Combustible. — A  name  given  anything  that  will  burn;  that  is,  will 
combine  with  oxygen  and  generate  heat.  The  combustible  of  coal 
consists  mainly  of  carbon  and  hydrogen.  Often  the  combustible  in 
coal  is  figured  by  deducting  from  the  weight  of  a  sample  of  coal  the 
weight  of  the  moisture  and  ash.  The  result,  however,  does  not  show 
the  true  combustible  because  the  coal  contained  some  nitrogen  and 
oxygen  which  will  not  burn  and  generate  heat.  Coal  from  which 
moisture  and  ash  have  been  deducted  is  properly  called  moisture  and 
ash  free  coal. 

Draft. — This  word  relates  to  the  movement  of  gases  through  the 
furnace  and  the  boiler,  but  it  has  not  a  definite  meaning.  Sometimes 
it  is  used  to  refer  to  the  movement  of  the  gases,  and  sometimes  it 
refers  to  the  differences  of  pressure  which  produce  the  movement. 
In  the  latter  sense,  pressure  drop  is  a  more  exact  expression.  (See 
Bulletin  21,  Bureau  of  Mines.) 

Draft  gage. — An  instrument  for  measuring  gas  pressures  or  draft 
within  the  boiler  setting. 

Dissipation  of  heat. — The  gradual  removal  of  heat  from  the  source 
of  generation  so  that  no  temperature  rise  is  observed. 

Fire. — To  fire  a  furnace  is  to  place  fresh  coal  in  the  furnace. 

The  word  "fires"  is  sometimes  used  to  denote  only  the  fuel  bed 
and  sometimes  to  denote  also  the  flames  above  it. 

Fuel  bed. — The  burning  coal  and  coke  on  the  grate. 

Horsepower,  boiler. — A  boiler  horsepower  is  the  evaporation  of  34.5 
pounds  of  water  per  hour  into  steam  at  atmospheric  pressure  and 
from  feed  water  at  212°  F.  Under  operating  conditions  one  boiler 
horsepower  is  approximately  the  evaporation  of  30  pounds  of  water 
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per  hour.  A  boiler  developing  100  horsepower  evaporates  about 
3,000  pounds  of  water  per  hour. 

Hydrogen. — A  colorless  gas  that  burns  readily  with  oxygen.     The 

product  of  combustion  is  water,  which  is  composed  of  one  part  of 
hydrogen  and  eight  parts  of  oxygen  by  weight. 

Magnesium. — A  metal  that  burns  readily  with  the  oxygen  of  air 
and  produces  heat.  Mixed  with  finely  powdered  potassium  chlorate 
it  burns  with  a  white  flash,  and  is  used  to  take  "Hash-light"  photo- 
graphs. 

Molecule. — The  smallest  possible  particle  of  any  substance.  Divid- 
ing the  molecules  of  a  substance  changes  the  nature  of  the  substance. 

Xitrogen. — A  colorless,  inactive  gas.  About  four-fifths  of  the  air  is 
nitrogen. 

Oxygen. — A  colorless  gas  that  forms  the  active  part  of  the  air  we 
breathe,  this  air  being  a  mixture  of  one  part  of  oxygen  with  four 
parts  of  nitrogen.  Oxygen  is  contained  in  many  solid  compounds, 
such  as  saltpeter,  potassium  chlorate,  and  iron  rust.  Oxygen  is 
necessary  for  combustion  of  all  fuels. 

Oxidation. — When  any  substance  combines  with  oxygen  the  proc- 
ess is  called  oxidation.  The  rusting  of  iron  and  the  burning  of  coal 
are  examples. 

Oxidizing  zone. — The  lower  layer  in  the  fuel  bed,  where  the  carbon 
of  the  fuel  burns  to  carbon  dioxide;  that  is,  it  is  the  layer  in  the  fuel 
bed  where  carbon  is  completely  oxidized. 

Potassium  chlorate. — A  salt  composed  of  potassium,  chlorine,  and 
oxygen.  The  oxygen  of  this  salt  combines  readily  with  combustible 
substances.  Potassium  chlorate  mixed  with  magnesium  produces  a 
flash  mixture  which  is  used  in  photography. 

Reduction  zone. — The  upper  layer  in  the  fuel  bed,  where  there  is 
little  or  no  oxygen  and  where  the  carbon  dioxide  formed  in  the  lower 
layer  of  the  fuel  bed  is  reduced  to  carbon  monoxide  by  contact  with 
hot  carbon. 

Soot. — Small  particles  of  unbumed  carbon.  Soot  is  the  chief  con- 
stituent of  visible  smoke. 

Volatile  matter. — The  part  of  a  coal  that  is  driven  off  when  the  coal 
is  heated  regardless  of  whether  any  oxygen  is  supplied  to  bum  it  or 
not. 

Volatile  combustible. — The  part  of  volatile  matter  that  will  com- 
bine with  oxygen  and  generate  heat. 
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Gases.     See  Chimney  gases;  Furnace  gases. 
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Horsepower,  boiler,  definition  of 

Hydrogen,  definition  of 
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Ignition  temperature,  definition  of. 
maintenance  of 


Lime,  use  of,  to  prevent  clinkering 

Limestone,  use  of,  to  prevent  clinkerir.g. 

M. 

Machinery,  friction  of,  heat  loss  in 

Magnesium,  combustion  of 

definition  of 

Moisture,  heat  lost  in 

Molecule,  definition  of 


Nitrogen,  definition  of. 


O. 

Oxidation,  definition  of 77 

Oxidizing  zone,  definition  of 52, 77 

figure  showing 53 

Oxygen,  amount  of,  for  combustion 48,49 

definition  of 77 

mixing  of,  with  combustible,  in  combus- 
tion   54 


Plants,  use  of  carbon  dioxide  by 

Potassium  chlorate,  definition  of 

Power,  generation  of,  measurement  cf 

losses  in 

Powrer  plant,  heat  losses  in,  figure  showing. . 

R. 


Radiation,  heat  lost  by,  reduction  of . . 
Rake  for  handling  fires,  figure  showing 

use  of 

Records,  power  plant,  value  of. 


Reduction  zone,  definition  of 52, 77 

figure  showing 53 

S. 

Side  method  of  cleaning  fires 33,34 

figures  showing 33, 34, 35 

Slack  coal,  as  cause  of  clinker 44 

difficulty  in  burning 46 

method  of  burning 46 
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I'age . 

Slice  bar,  figure  showing 32 

use  of 31 

Smoke,  causes  of 54, 58 

from  furnace,  composition  of 53 

prevention  of 55 

proportion  of  tars  in 54 

Soft  coal,  caking  of 38 

clinkering  of 38-45 

combustion  of 

firing  of,  directions  for 7,  s.  12. 14.  IS 

Soot,  composition  of 53 

definition  of 77 

formation  of 53 

Steam,  exhaust,  heat  lost  in 04,65 

Steam  jets  for  furnaces,  use  of 57 
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Steam  plants,  power  losses  in 59,60 

Steam  pressure,  effect  of,  on  heat  losses 65 

T. 

Tars,  proportion  of,  in  smoke 54 

V. 

Volatile  combustible,  burning  of 51 

air  required  for 17 

definition  of 77 

Volatile  matter,  definition  of 77 

distillation  of 17.  "l 

figure  showing 19 

variations  in 51 


